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Inasmuch as alteration of capillary pemieability to plasma protein has been 
considered as one of the possible primary changes in shock, its quantitative 
measurement is important, IMost of the data on pei’meabilit 3 ’' in shock has 
been derived from the use of complete^ foreign substances, such as dj’-es, or in- 
directly, by studies of changes in blood, Ijnnph, or edema fluid. As far as we are 
aware, there has been no direct proof that capillaiy penneability to plasma pro- 
teins is increased in shock although alterations have usually been assumed to 
occur. The decrease in effective blood volume, which is universally accepted as 
characteristic of shock, might be accounted for bj’- dilatation of vessels and stag- 
nation of blood as well as by increased leakage of plasma from capillaries. 

The details of a direct and quantitative method for measuring the rate of 
passage of a protein across the capillarj'^ endothelium of the dog are presented 
here. The method is a modification of that used by Field and Drinker (1) to 
demonstrate the passage of horse protein into lymph in normal animals. Horse 
serum was injected intravenously, and cen^ical and thoracic duct l 3 Tnph were 
examined to determine the time and rate of appearance of the antigenicaU 3 '’ 
detectable serum protein. Since the horse semm was introduced by vein, an 3 ’' of 
it appearing in the l 3 Tnphatics must have passed across the capillary endothelium. 
Therefore, direct passage of protein is measured b 3 '^ this technic. The method 
does not fulfill the requirements of a strict definition of permeability, and the 
factors involved in this will be considered in the discussion. The results obtained 
give evidence of prompt alteration of capillar 3 ’^ permeability in both burned and 
non-bumed areas. 

Methods. The dogs used weighed from 10 to 20 kgm. and were fed on table 
scraps. In most cases' the 3 ’' were staiwed for approximately 24 hours before the 
experiment. The anesthesia used was that recommended by Wiggers (2) ; 3 
mgm. per kgm. of morphine sulfate subcutaneousb’^, followed in one-half hour 

^ Presented before the Undergraduate Medical Association of the School of Medicine of 
the University of Pennsylvania, and the Plu'siological Society of Philadelphia, March, 1943. 
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by two-thirds the calculated dose of sodium barbital (175 mgm. per kgm.) given 
slowly by vein. During the burn this anesthesia was tc-inforced brieflj^ with 
ether. 

The cervical and thoracic ducts were exiiosed b}" separate incisions. The 
ceiwical duct was either brought out through a skin incision and the l>Tnph 
allowed to drip into a tube, or it was cannulated. The first method removed the 
difficulty of clotting in the cannula when the flow was slow. Thoracic b^mph was 
secured by means of a cannula in the thoracic duct. TA-mph was collected in 
graduated glass tubes, allowed to clot, and was later rimmed and centrifuged. 
To increase the flow of ceiwical hunph the head was either made to nod by the 
method of McCarrell (3) or was massaged. 

The “standard himd\ Dogs, anesthetized as described above, were clipped 
free of all hah below the axillae^ Ether was administered for 2 minutes prior to 
the bum, and a sufficient amount was given during the bum to keep the animal 
quiet. In the control experiments ether was administered for 5 minutes to 
approximate the amount given the burned animal. Horse semm in concentra- 
tion of 7.0 to 8.0 grams per cent protein was then injected intravenously, the 
volume being 2.0 ml. per kgm. Immediately thereafter the bod}’- was immersed 
up to the axillae in water at 72°C. for 60 seconds. Animals subjected to this 
bum, if untreated, died in from 4 to 19 hours (Parkins, 4). 

Obseiwations were continued for 3 hours after the injection of the horse serum. 
Ljmiph was collected from the two ducts, blood samples -^nthdrawn at interv'als, 
and the pulse, respiration and rectal temperature taken as a check on the condi- 
tion of the animal. The blood was taken from the saphenous, external jugular, 
or femoral veins. The total protein in plasma and hmaph was determined by the 
biuret method of Kingsley (o). Horse serum protein concentrations in plasma 
and hmph were deteimined by precipitation with anti-horse rabbit seram and 
the concentration of precipitate read turbidimetricalljL Hematocrit determina- 
tions were done the method of Sanford and Magath (6). 

Turhidimetric method. Anti-horse rabbit sera were pooled, lyophilized, and 
used as a constant source. To a test tube containing 0.6 ml. of a freshl}' prepared 
standard concentration of anti-semm was added 0.3 ml. of centrifuged plasma or 
Ij’mph. Each tube contained 0.1 ml. of HeUer and Paul’s (7) oxalate mixture 
to prevent clotting. The contents were thoroughly mixed, incubated at 38°C. 
for one hour, refrigerated o-\'eraight and centi-ifuged. Each precipitate was 
washed twice with cold ph 3 'siological salt solution to remove extraneous color. 
Centrifuging was done in iced cups, and care was taken throughout the entire 
procedure to maintain a low solubility by keeping the precipitate cold. The 
precipitate was made up to 1.0 cc. with cold 0.85 per cent sodium chloride, mixed 
thoroughly, and read immediately in the Ixlett-Summerson colorimeter using a 
420 m^ filter. vSamples of plasma and hunph taken before the horse serum injec- 
tion always showed some non-specific precipitation, and these values were used 
as the zero for the particular ex]Deriment. In a control experiment in which the 
animal was burned without receiving horse serum, there were no changes in the 
amount of this precipitate in samples of plasma and l\Tnph taken before and for 
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3 hours after the burn. A calibration curve was determined by precipitating 
horse seram added in known concentration to dog plasma or Ijonph. This gave 
a curve relating the galvanometer deflection bj" the precipitate suspension to 
milligrams of horse-serum protein. 

Results. 1. Effect of the ” standard'’ 'burn 07i capillary permeability. In 
studying capillary permeabilit 3 ’’, bmiphs from the ceiwical and left thoracic ducts 
have been compared. The cendcal duct drains the head and neck on that side, 
whereas the left thoracic duct drains the visceral area and most of the body below 
its point of entrance into the jugular or subclavian vein. With the tjqie of burn 
used, the ceiwical drainage area is remote from the site of the bum, but the left 
thoracic duct receives fluid from the burned area. 



Fig 1 Chart showing the rate of passage of horse serum in normal and burn-shocked 
dogs for cervical lymph. Points are plotted at the end of the collection period. Numbers 

refer to the number of the experiment. 

Fig. 2. Chart as in figure 1, for thoracic duct b^mph. 

In the noipial animal, comparison of the time of appearance and rate of pas- 
sage of horse protein in the two areas gives a contrast between a visceral and a 
somatic area. The solid lines in figure 1 and figure 2 represent the data obtamed 
with 3 normal animals. The charts show the rate of passage of horse seram 
across capillaries of the ceiwical and thoracic drainage areas. A comparison of 
the rates supports the suggestions made by Starling (8) on the basis o difference 
in lymph protein concentrations, that the thoracic drainage area (mamly visceral) 
is more permeable than the ceiwical drainage area (mainly somatic). This is 
shown first by the fact that whereas horse seram was detected m thoracic lymph 
in about 20 minutes, between 50 and 100 minutes elapsed before its appearance 
in ceiwical hrniph. The latter confirms the finding of Field and Drinker (1). 
Second, it is seen that initially the rate of passage was greater m thoracic lymph. 
Third horse ‘^eram protein concentration reached higher levels m thoracic than 
in cervical hmph. The concentrations reached were of the order of 10 mgm. 
per cent in ceiwical bmph, and 100 mgm. per cent in thoracic Ijunph. 
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^^^len an animal was subjected to the “standard” burn, the shape of the curve 
was altered in both areas (see dotted lines in figs. 1 and 2). The horse senim was 
detected in the thoracic hTOph in high concentration within 10 minutes. The 
high initial rate of appearance is readily apparent from the charts. Horse pro- 
tein was detected in the condcal lymph within 10 to 20 minutes as contrasted 
vith between 50 and 100 minutes in the nonnal dog. Here, too, the initial 
rate of passage was greater. 

2. Effect of the “standard” himi on total protein in plasma, cenical and thoracic 
duct lymph. Intravenous injection of horse serum as u.sed here did not alter 


g^rr? . JZ 3/ 4Z 
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Fig. 3 Fig. 4 

Fig. 3. Chart showing protein concentrations in plasma, cervical and thoracic duct 
IjTnph over the three hour observation period following injection of horse serum. Dog IS, 
15 kgm. Control animal. 

Fig. 4. Chart as in figure 3 for animal subjected to "standard” burn. Dog 26, 12 kgm. 

the plasma protein level of the normal dog. This is shown in figure 3, which 
gives results tj^jical of 3 e.xperiments. Over a period of 3 hours, administration 
of horse serum caused no significant change in the total protein concentration 
of either cervical or thoracic duct hunph. A tjTDical experiment is shown in 
figure 3 which gives data for plasma protein, cendcal and thoracic duct Ivunph 
protein. Horse serum protein does appear in Ijunph as shown above, but the 
concentrations in both blood and hunph are within the limits of error of the 
method for total protein determination. 

Plasma protein levels rise after the .standard burn as shown in figure 4. The 
presence of hemolysis in the serum of burned animals introduces an error in 
these detenninations, tending to give higher than the true value.s. d''alues as 
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given Ere uncoriected. ExEniinEtion of the protein concentrEtion of thomcic 
duct lymph showed only smull ehsnges (fig. 4). Promptly sfter the burn, the 
concentrEtion tended to fall and only sfter one or two hours did it slowlj'' rise. 
The slow rise wes probsbl}^ due to the presence of hemoglobin. These results 
Ere surprising in vieiv of Field End Drinker’s (1) finding thst besting of a limb 
promptly and markedly increased the protein concentration of Ijraph from that 
area (Glenn, Peterson and Drinker, 9). These workers used a burn of 100°C. 
for 2 minutes, which may account for the difference. Another possible e.xplana- 
tion is that the increased rate of filtration of fluid from the large burned area 
more than offsets any increase in amount of protein, vascular or extravascular. 
Cendcal lymph duct protein concentration showed a similar downward trend in 
our experiments, and tended to rise slowlj' after 2 or 3 hours. The concentration 
of hemoglobin here wns too small to alter the colorimetric readings of protein. 

3. 0//ier effects of the “stemdareP hum. A striking degree of hemol5^sis m plasma 
was seen promptlj’’ follow’ing a burn (see among others Freeman and Schecter 
(10) and Glenn, Peterson and Drinker, 9). SamiDles of blood taken within 10 
minutes after immersion showed marked hemol3^sis w'hich ivas present through- 
out the three hour observation period. Hemoglobin was jiresent in thoracic 
duct Ijunph in visible traces within 15 minutes, and bj’’ the end of 2 hours the 
IjTOph was bright red. Hemoglobin appeared in cendcal duct lymph in about 
35 minutes and the concentration w'as much lower at all times. At the end of 
3 hours, it ivas perceptible as a faint coloring rather than the scarlet red 
of thoracic l3'-mph at this time. This confirms the finding wdth horse protein 
of the difference in permeability of the cendcal and thoracic drainage areas. 

Hematocrit It is \vell known that bums produce hemoconcentration. This 
w^as usually prompt followdng the standard bum, and levels of around 60 to 70 
per cent were maintained duidng the course of the experiment. 

Rectal temperature. Initial rises from the normal of 101 to 102°F. to levels 
around 104°F. occurred, but usually by the second hour the temperature was 
falling slowdy (fig. 4) . In some cases, the drop was followed by a secondary rise. 

Lymph flow. The volume of thoracic l3Tnph flow^ depends mainly on the 
state of the respiration and intestinal activit3’' followdng the burn (Drinker and 
Yoffev, 11). It is therefore questionable w'hether much can be learned from varia- 
tions in flow’. Cervical 13'mph flow' did not alter as much as thoracic flow*, but 
the changes w*ere in the same direction of an initial inci’ease w hich slow I3'' tapered 
off to the previous level. . 

Discussion. The strict definition of permeabilit3* requires that there be 
measured the units of mass passing tiu'ough unit area and thickness of mem- 
brane in unit time under the influence of unit ly’^drostatic pressure (Landis, 12). 
In the wmrk presented here, we have measured the units of mass passing in a 
given time. While in the normal animal it ma3’' be assumed that the aiea and 
thickness of the filtering membrane did not change, this cannot he done with 
safet3’’ in the burned animal. At present, we can onh guess at the area of the 
capillaries in the noimal dog, and there are no estimates available of the area in 
shock. The only measurements of capillar3- blood pressure in shock that we 
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know of are tliosc of Szanto (13). He found that the capillaiy blood pressure 
M’as decreased in surgical shock. It should be considered that the increase in 
rate of passage of protein maj’ be due In increase in hydrostatic pressure or 
filtering area, as well as to increase in peiTneability per se. Without direct 
measurements of tlie first two factors, it is not possible to evaluate their sig- 
nificance at present. 

It will be recalled that the animals were burned from the feet to the axillae. 
The increase in rate of passage of i^rotein across the capillaries in the buraed 
area is not surprising, although to our knowledge it has not been demonstrated 
before. But it is of even greater interest that the rate of passage of protein in 
the iinburned area is altered in burn-shock. It should be emphasized that 
protein analyses of fluid from the burned area do not exclude extravascular 
sources of protein, nor have rates of passage usualb' been measured b}' this 
method. In our exiieriments, the horse protein could not have come from any 
site other than tbe vascular s3'Stem. 

The demonstration of a prompt alteration in penneability in the non-bumed 
area is of great interest. Our results with total pjotein in l3Tnph resemble those 
of McCarrell and Drinker (14) in histamine shock. The3' found “earh* in the 
period of shock a considerable amount of proteinized fluid escaped from the 
blood stream.” On the other hand, in .shock folloAving hemorrhage, Fine and 
Seligman (15) state that the3' found no evidence of a significant loss of radio- 
actme protein in the tissues after a moderateh* se^•el•e hemorrhage in dogs. The 
method reported here has not 3'et been applied in the conditions residting from 
different 13^068 of hemoiThage, especiall\’ using a more e.xtreme and prolonged 
h3’potension than that emplo3’’ed b}- Fine and Seligman. 

The fact that the change in penneabilit3’^ follows so shortb’ after the bum 
suggests the exdstence of a circulating toxic factor, although neurogenic and 
other possible factors have not been eliminated. In the past, the numerous 
failures to demonstrate a toxic .substance have been largeb* efforts to demon- 
strate a vasodepressor action in normal animals, but the weight of recent evidence 
indicates that the lowering of blood pressure is a secondaiy change (e.g., Blalock, 
16). A crucial expeiiment would be to test the effect of blood or bmph from 
the bumed animal on the rate of passage of protein in normal dogs. The altera- 
tion of permeabilit3’^ in the non-burned area also raises the question as to how 
much this change max*^ contribute to the development of shock. Data must be 
obtained on how permeabilit3’^ is altered at longer times following the bum 
before this can be evaluated. 

The fact that we did not find a significant increase in the concentration of 
total protein in bmph following the bum has been mentioned. This is not 
contrar3’^ to the finding of increased concentration of home protein, because the 
concentration depends on the movement of fluid as weU as of protein. The 
evidence from rise in hemotocrit, rise in seinm protein, rise in bmrph flow, and 
initial^ decrease in concentration of b’™ph protein together point to increased 
filtration of fluid. Use of the total protein concentration of bmaph as a measure 
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^of endothelial permeability is, therefore, open to question. Landis (12) has 
emphasized that the original filtrate from the capillaries is modified by fluid 
movement. Furthermore, e.vti-avascular souiees of protein in lymph in shock 
have not been excluded. In our experiments, the increase in rate of appearance 
of horse serum lias certainl^y not been accompanied bj’- an increase in total protein 
concentration in Ijunpli. 

The effect of anesthesia should be considered in connection with our results. 
It is well known that prolonged general anesthesia lowers the resistance of the 
animal to various forms of shock. The effect of the anesthesia per se on capillaiy 
permeability cannot be determined until the method is studied with animals 
under local anesthesia. In our e.x]3eriments the anesthetic agents used were 
equivalent in the normal and burn-shocked animals, 

Finall}', the question ma3' be asked whether data on horse seram in the dog 
are apphcable to the normal protein of the dog. We have been unable to find 
data on the properties of dog serum protein. The physical properties of horse 
seiTim proteins resemble closel3’' those of other mammalian species studied 
(Svedberg and Pedersen, 17). Antigenic differences are believed to be due to 
spatial arrangement of groupings, and not to a fundamental alteration of protein 
stmcture (see among others tlie recent Avork of Pauling and Campbell, 18). 
Finally, the marked increase in bvniph flow accompanjung only a slight fall in 
bmph protein concentration indicates that the total amount of native protein 
in the lymphatics of the dog is increased. We, therefore, feel that increased 
passage of horse protein across capillaries in the dog implies an increased passage 
of dog protein as Avell. 


SUMMARY 

1. A method is presented for using the rate of passage of horse seiura protein 
across the capillary endothelium of the dog as a measure of capillary permeability. 

2. The greater permeability of the capillaries draining the thoracic duct area 
than those of the ceivical duct area is demonstrated quantitatively by tliis 
method in 3 normal dogs. 

3. In dogs, following a bum up to the axillae bj'- immersion in Avater at 72°C. 
for 60 seconds, there is a prompt increase in the rate of passage of protein, 
both in the burned area and in the non-burned area as well. 

4. Values for total protein concentration in plasma, cervical and thoracic duct 
lymph are given for normal and biftned animals. These did not demonstrate the 
permeability changes seen by the use of immunologically detectable horse protein. 

5. The effect of the burn on hemoconcentration, rectal temperature and lymph 
floAV is given. IntraA^ascular hemolysis and escape of hemoglobin into the 
lymphatics is a consequence of seA'^ere bui’n. 
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Within the past quarter century considerable information has been accumu- 
lated concerning the behavior of water in the body on exposure to cold envu-on- 
ments. This has been derived chiefly from the results of reflex processes aroused 
by the action of cold on the bod}--' surface, the responses being in general of a 
protective nature. 

Down to a very low degree of temperatiu’e the effects of environmental cold are 
such that the mammalian organism is able to maintain its own temperature levels 
within very nearly the normal^ limits. The mechanisms of heat production and 
conservation longest recognized all result in water shifting. 

In response to cold the tendency is toward a centripetal movement of water 
from the surface of the body to the interior of the cells themselves. Increasing 
metabolism in such cells, as those of the muscle and liver, tends to attract water 
by osmotic pressure, and the familiar vascular changes associated vith cold may 
play a further part in the shifting of water from the circulation to the tissue 
spaces. 

That the above mentioned refle.xes are mediated chiefly through the anterior 
hypothalamus has been shown in this laboratoiy (Barbour, 1940). It had, in- 
deed, long been knoum that elimination of the function of the base of the brain, 
either by operative procedures or anesthesia, is inimical to temperature regulation . 
No attempt however has apparently been made to determine what water shifting 
may occur in the chilled body stripped of its normal defenses against cold, al- 
though it is common knowledge that the metabolic rate is, under such conditions, 
decreased chiefly in proportion to the fall in temperature. 

Cold itself may result in eliminating the anterior hypothalamus as a protective 
influence. In this case as in all others where the body temperature has reached 
very subnormal levels, the condition is known as hjqjothex’mia. 

Former studies of hypothermia. Medical history has been concerned with 
hypothermia in cases of exposure to snow and ice so intense as to overwhelm the 
regulation of body temperature. Such exposure has been frequently associated 
vith acute alcoholism. Alcohol and other anesthetic substances ha’s^e frequently 
had a like effect unassisted by unusual degrees of cold. The effects of such sub- 
stances were studied by Simpson and Herzing (1905) and Biitton (1922) who re- 
ported on the elimination of reflexes (chiefly motor) and the order of the recovery 
of many of these. Hypothermia has been carefully studied in humans in at- 
tempts to use it thei’apeuticall}^ notablj’’ by Smith and Fay (1941) . in cancer 

^ Preliminary report: Federation Proceedings, 2; 2, 1943. 

2 Aided by a grant from the Fluid Research Fund of the Yale University School of 
Medicine, 
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patients, and Talbott (1941) and collaborators in schizophrenia. Dill and 
Forbes (1941) have reported on metabolism studies on the last mentioned series 
of patients. 

Hj’-pothermia in therapj’- is accomplished with the assistance of anesthesia, for 
example by nembutal. It has however been considered of importance to studj’^ 
the effects of cold alone, applied with such intensity as to overwhelm all protective 
mechanisms. This is accomplished nith relative ease in small animals, as in the 
classical studies of Walther (1862) who rendered rabbits powerless to resist cold 
of 18 to 20°C. by chilling their bodies to that temperature. J, B. Hamilton 
produced hypothermia in ice box emdronments in rats, mice and kittens with 
progi'essive descending paralysis of the central neiwous sj^stem. When carried 
to the lethal point, death was attributed to respiratoiy failure from chilling the 
medulla. Neither he nor others have been able to produce a state of artificial 
hibernation, recovery from hypothermia being always possible in emdronments 
of 70°F or below. The experiments of Walther and those of Hamilton have the 
^rirtue of bringing out the action of cold as a depressant per sc, and are free from 
complicating effects of drags on I'eflexes which must be kept in mind in connec- 
tion with the following mention of changes in water metabolism which have been 
reported in literature. 

Previous findings on ivaier shifting. Edema of the lungs in the rabbits was 
described by Walther as a terminal effect associated vith congestion of the lungs, 
and waterj’' serous exudates in the tissues and ah- passages. Babbits djing after 
rewarming showed a serous pleuiisy. Talbott and others (1941), in a body of a 
patient who had died of hypothermia, described a similar congested condition 
of the lungs. Woodraff (1941) described edema of the heart in dogs d 3 ing of 
hypothermia (in which nembutal anesthesia was used) . One of liis dogs e.xhibited 
pulmonaiy edema. He believes that the use of digitalis was benefical in pre- 
venting mortality from hj-pothermia. 

Blood concentration changes in hypothermia produced bj’^ the aid of anes- 
thesia included increase in red blood cells, described occasionally by^ Smith and 
Fay in cancer patients. Similarly Woodraff describes increases in whole blood 
specific g^a^^ty in dogs near both the start and end of hj^pothermia. The initial 
increase in concentration was ob-vdously the well known reflex response, wliile 
the terminal change was attributed to a shock-like condition. The reflex in- 
crease in blood concentration as measured by^ cell volume was seen in the first 
thirty-five hours. 

Dilution of the ivhole blood is represented by acute anemia, described in some 
of the cases of Smith and Faj', but neVer until after one or two pre\aous periods 
of refrigeration. In Talbott’s case a slight blood dilution appeared near the end, 
that is, at the forty-fifth hour. 

Changes in the serum appear to have been reported only by Talbott, Con- 
solazio, and Pecora. The chlorides fell during the earlj’’ hours of hj'pothermia, 
returning to the normal figure in the end. Serum protein gave a reverse picture 
being raised at first and lowered in the end, in these respects agreeing with the 
whole blood concentration. Tissue changes of interest were found by' Talbott 
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and his collaborators. The percent of water was found below the average for 
normal autopsy subjects in muscle, liver, kidney, and brain, but increased in the 
heart muscle. The changes in sodium content suggested, however, a decrease 
in extracellular water inasmuch as sodium was below the normal average in all 
the organs just mentioned. Potassium was found increased in all these organs. 

Object of this investigation. The above cited data are far from presenting a 
clear picture of the water metabolism in hypothermia, and our present intention 
has been to contribute toward filling this gap. Such investigations seem to be 
demanded by war conditions in the cold regions of the earth, and by a growing 
tendencj’^ to use cold as a therapeutic measure. The intention has been to de- 
termine the changes in water content of blood and various tissues, tracing, if 
possible, the inovement of water in and out of the cells, and to gather information 
concerning the occurrence and mechanism of h^^pothermia. Possibilities of 
treatment of untoward conditions brought about b}-- the above changes might 
thereby emerge. 

Pboceduhes. Our studies have been conducted on monkeys {Macacca mulatta) and white 
rats, and all chilling procedures carried out in a room kept within a few degrees of 0°C. The 
body temperature of monkeys was lowered by direct removal of heat by a half inch copper 
coil through which water at about 7°C. was circulated by an electric motor. The padded 
cradle upon which the monke}’’ was confined was strapped to the lower surface of this coil 
in such a way that the weight of the coil did not rest on the animal. As the coil extended 
only from the neck to the lower end of the trunk, it was possible to withdraw blood samples 
at any time from the femoral arterj% and to follow the rectal temperature with an ordinary 
thermometer. Arterial samples were taken at the following body temperature levels: 
initial, 35, 30, and 23°C. When the last mentioned point was reached the monkey, still con- 
fined to the cradle, was removed to a room having the constant temperature of 28°C., and 
during the resulting rewarming the samples were removed at the same body temperatures 
in reverse order. The experiment %vas usually terminated when the animal reached a body 
temperature of 30°C. All blood samples were taken and centrifuged under oil; serum pro- 
teins were calculated from specific gravity determined by the Falling Drop Method, chlo- 
rides were determined by the method of Van Slyke and Sendro}' (1923). 

Rats were chilled similarly to monkeys by a one-eighth inch coil over which they were 
strapped in a prone position. Studies were also made on rats simply exposed to a cold room 
. at 3-4'’C., confined only by individual cages, in order to study the reflex effects of cold. Such 
e.xposures lasted one hour. Following the above procedures heart’s blood was removed 
while the rat was still in the cold room, and serum proteins and chlorides determined as 
above. 

For tissue studies many of these rats were killed by rapid strangulation after either of the 
above procedures, that is, in a condition of hypothermia, or with protective refie.xes against 
cold. The rats were skinned and both water and chloride determinations made upon brain, 
muscle, liver, skin, lungs, and samples of the remainder of the animal after mincing and 
thorough mixing. Water was determined by. drying in an oven at 105°C., and chlorides by 
the wet ash method of Sunderman and Williams (1921). Metabolic changes in response to 
cold reflexes and hypothermia were determined in the cold room in some rats by the Haldane 
Train Method in which the carbon dioxide was fixed by shell caustic, and the water by con- 
centrated sulfuric acid. 

Many rats were chilled to body temperatures of 16°C. and then removed to the constant 
temperature warm room at 2S'’C. where the recovery of temperature and refie.xes and gross 
edema changes were followed. 
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Results. Monkeys. Chilling by the coil method produced a practically 
constant fall of the rectal temperature of the monke3^s at the rate of about o.o°C. 
per hour (fig. 2). During the first hour or two the usual reactions to a cold en- 
vironment were in evidence with shivering of the skeletal musculature, and paling 
of the body surfaces. When the bodj’- temperature had fallen below 30°C. the 
general muscular relaxation of the animal betraj'ed the depressing effects of cold 
upon the central ner\'ous sj’-stem. T^Tien a monkej' at 23°C. bod3’^ temperature 
was removed to the 28° room its temperature gi’aduall3^ returned toward normal, 
but at a somewhat slower rate than it had fallen, name^’", 2.74°C. per hour (fig. 3). 
Man3’’ reflexes were found slow, including the pupillar3' reflex to light. Pain re- 
sponses to pin pricks were in general abolished. The grasping reflex was not 
found below 30°C. The pupillar3’' reflex to light gradually regained its normal 
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Fig. 1. Senim specific gravity and chloride changes and temperature curve of untreated 
monkey, • Rectal temperature, Chlorides, Specific gravity. Monkey 16. 

Fig. 2. Serum and temperature changes in monkey during chilling. ' ' " Rectal tem- 
perature, Chlorides, Specific gravity. Monkey 11. 

speed. If 303^^ edema is present in monke3's at these low body temperatures, we 
were unable to establish it definite^’-, although some apparent swelling was noted 
about the shoulders and forearms in one case. 

Serum 'proteins and chlorides. A well trained monkey confined to a padded 
cradle for the length of time usuaU3- occupied b3’^ our chillmg and rewarming 
experiments, can tolerate the extraction of man3’^ blood samples from the femoral 
arter3^ without significant change in proteins and chlorides. A control experi- 
ment of this sort is illustrated in figure 1, showing the taking of blood samples at 
inten^als coiresponding to those in our chilling and rewaiming experiments.^ 

While a monke3- was being chilled to a bod3' temperature of 2.3°C. the serum 
protein and chlorides followed a fairb' constant pattern which is typified b3^ 
figure 2. There was constanth' an increase in serum protein, reaching a peak 
usualh' at or before the temperature had fallen to 30°C. This represents the well 

’ Average from blood samples taken at like intervals from 12 monkeys vere in percentage 
changes from original sample; for chlorides, 1.5,1.4,0.03,1 .S, —1.7, 2.1; for specific gravity, 
-0.7, -1.3. -1.7. -3.3, -3..5, -1.8. 
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known anhydremic reflex response to cold. Serum chlorides also increased dur- 
ing this initial period, in conformity vnth the well established osmotic increase 
(Barbour and Gilman, 1934) . The chloride peak, however, was usuall}?- preceded 
by a depression. This preliminary fall in chlorides, viiile unexplained at pre- 
sent, resembles very much certain unpublished findings in dogs.These animals 
vdien given continuous injections of minute quantities of epinephrine, showed a 
rise in serum proteins, as in the cooling process, which is accompanied at first 
by a fall in serum chlorides. It is therefore possible that the preliminary de- 
pression on cooled monkej^s is an epinephrine effect. The blood sample taken at 
a body temperature of 23°C. constantlj'- showed a reversal in the serum changes. 


s« & 




Fig. 3. Serum and temperature changes in monkey during chilling and rewarming. ■ ' ■ ■■■ ' 
Rectal temperature, Chlorides, Specific gravit 3 '. Monkej’’ 4. 

Fig. 4. Serum changes in monke 3 ’’S interpreted as fluid shifts. Percentages are in terms 
of the level at the beginning of an experiment. Unbroken end of columns indicates total 
fluid change (measured b 3 '' sp. gr.), dotted portion of columns, changes in cell water (meas- 
ured by Cl'). First group shows maximum reflex effect of cold. Second group (chilling) 
shows amount of reversal shift from previous maximum. Third group (rewarming) shows 
amount of continued loss calculated from 23'’C. level to point of maximal serum h 3 ’dration. 


Protein and chlorides approached, or attained, the original levels. On rewarm- 
ing from 23°C. body temperature the serum proteins did not reverse again but 
continued the downward course, often with such a tremendous decrease as shown 
in figure 3 . This dilution tendency is, of course, typical of the response to warm- 
ing animals up from normal temperature before any deh 3 ’'drating factor such as 
sweating appea}-s. The chlorides did not show the extensive decreases during 
the rewarming process, but tended to remain nearer the initial levels than did 
the proteins. The final chloride shown at about 35°C. is typical of the usual 
course. 

Interpretation of serum changes in terjns of fliiid shifts. The exTent of the serum 
changes in each of our first twelve monkey experiments is illustrated in figure 4, 
the changes being referred to as fluid shifts. The percentile changes in proteins 
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are represented bj’’ the maximal length of most of the columns, and the cldorides 
the length of the dotted portion of the columns. The group entitled cold 
reflexes was compiled from the peak changes in each experiment during the chill- 
ing process, these being taken to represent the maximal protective effects against 
cold. The group mai'ked chilled was compiled from the individual differences 
between peak effects and status at 23°. The group of changes entitled rewarm- 
ing represents the maxiraum percentile decrease in protein or chloride from the 
level at 23°C. 

The movements of fluid in the body throughout the whole procedure of chilling 
and rewarming are possibly best interpreted from the average fluid shifts (fig. 5). 
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Fig. 5. Average in fluid shifts in monkeys shown in figure 4. 

Fig. 6. Total and intracellular water of tissues of chilled rats. Height of columns, total 
water, black portion, intracellular water. A' = normal, C = cold, ndth reflexes intact, Ci 
= deep hypothermia with loss of reflexes. Figures show number of cases averaged for each 
column. 


The serum protein is of course an indication of the total fluid content of the 
serum, whereas the chlorides may be regarded as indicating the movement of 
water in and out of cells, thus showing the well known protective responses to 
cold. The chloride portion of the first column in figure 5 represents a 4.1 per 
cent movement of water into body cells. Tliis on the basis of osmotic pressure 
studies made bj' Barbour and Gilman (1934), we have always assumed to be due 
to increase in osmotic pressure resulting from the increased metabolic rate of the 
cells as in shivering, etc., which must produce a temporary accumulation of meta- 
bolites. The total height of the columns represents 5.1 per cent loss of fluid from 
the blood (as judged by protein and specific gra^^ty) lea^'ing a 1.0 per cent loss 
to be accounted for otherwise than bj” metabolism. The extra loss of water we 
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interpret as the net pressure effect associated with vascular responses to cold; 
fluid is of course lost to the tissue spaces as the net result of increases in hj’-dro- 
static pressure in the capillaries. 

The entii-e ivater shifting picture becomes reversed by chilling to 23°C. which 
e^^.dently produces such a depression of the central nervous sj’-stem that the water 
shifting reflexes, above referred to, are no longer possible. This reflex reversal 
therefore, is ascribed to functional exclusion of the anterior hypothalamus by 
cold. The second column in figure 5 shows that the total water gained by the 
blood duiang this reversal is 4.1 per cent of the original serum water of wliich 3.6 
per cent may be considered as coming back from the cells, the remaining 0.5 
per cent being gained from the tissue spaces by a reversal of the hydrostatic 
pressure conditions. In other words, depression of the anterior hypothalamus 
by cold has reversed the metabolic and vascular changes which accounted for 
the fluid shifts. The third column represents the average results of rewarming 
from 23°C. The total gain of fluid by the blood averages 8 per cent. The 
greater part, 5.3 per cent, apparently comes directly from the tissue spaces be- 
because only 2.7 per cent, as judging by the chlorides, appears to be released by 
the cells; or the hydration maj^ be chiefl}'’ relative due to the escape of protein. 

It is difficult to explain the original source of such a large fluid gain by the 
blood. We must assume in the absence of neiwous function that increasing 
temperature acts directly upon the arterioles and capillaries in such a way as to 
lessen intraeapillar}’- pressure throughout the greater part of the organism. One 
may well believe that the same processes are responsible for the dilution of the 
blood which occurs upon ordinary exposure to mild degrees of heat before such 
dehydrating processes as sweating set in. As a matter of fact, under the latter 
conditions it has been found that decrease in specific gi’a'vdty of the blood is 
usually greater than decrease in osmotic pressure (Barbour, 1940) ; thus we see 
in the rewarming period of the experiment a picture of the direct action of in- 
creasing warmth in the absence (until higher temperatures are reached) of any 
reflex mechanism. 

Rats. General effects of cold. In the early stages of exposure to cold our rats, 
like other mammals, exhibited shivering although the time of its occm’rence as 
w^ell as its anatomic distribution was subjected to considerable variation. As 
the body temperature descended to 20°C. and below, the general depression of 
the animal as in monkeys, was evidenced by complete muscular relaxation. At 
IG^C. the rats were completely prostrated in a condition resembling deep anes- 
thesia. At this point considerable edema of tlie face, eyelids, and jaw as de- 
scribed by Hamilton, was a constant finding. 

Eewarming in the 28°C. room usually seiwed to exaggerate this edema so that 
b}’’ the time the animal attained a temperature of 30°C., the head often appeared 
cone shaped. The recovery of reflexes was in a sequence similar to that described 
by others. 

Total meidbolism. The effects of cold on the metabolic rate of rats were found 
very much as expected. AH of the e.xperiments were made in the cold room at 
, 3 to 4®C. and when the rats had been cooled only to a body temperature of 26° 



16 


H. G. BARBOUK, E. A. MCKA.T AKD VT. P. GPJFFITH 


to 30°C., a marked increase in metabolic rate was observed, whereas when chilled 
to the state of complete depression with bodj^ temperature 18-20°C., the metab- 
olism was found grea% reduced as in the patients described by Dill and Forbes. 
Many of the effects were largely influenced by the amount of visible muscular 
tension or movement. Seven rats at the upper temperature range mentioned 
produced on an average 7.78 calories/kilo/hour as contrasted with an average 
from 26 normal rats (done at room temperature 28°C.) of 5.74 calories/kilo/hour. 
Six rats chilled below the point of cold reflexes showed a heat production of only 
3.65 calories/kilo/hour. Thus in the initial period of cooling our rats exhibited 
an increase of 37 per cent, but in hypothermia a loss of 36 per cent. 

Blood changes. On chilled and rewarmed rats the changes in blood proteins 
and chlorides e\ddently follow the same pattern as those in monkeys ; in support 
of this, the following findings may be cited. 

Proteins were calculated from the specific graidt}’^ findings, the average normal 
for 4 rats being 7.4 per cent. Four rats of the same age as the normals, when 
exposed to the cold room at 3 to 4°C. for one hour, showed an average protein 
content of 7,6 per cent. The average effect on 4 rats cMUed on a coil to a bod}" 
temperature of 16° was to reduce the protein to 6.8 per cent, while in 11 rats re- 
warmed from 16°C. to 30°C. the marked hj'dremic effect seen in monkeys was 
reflected in an average protein content 6.7 per cent. The percentage change 
from normal of dehj^dration and hydration effects was as follows, blood deh 3 "dra- 
tion on initial exposm-e to cold 1.4 per cent; hj^dration in profound hydremia, 
5.9 per cent; hydration of serum above normal on reAvarming, 7.3 per cent. 

The average serum chloride for the 4 normal rats mentioned above Avas 102.8 
m.eq./liter, AA'hereas in the 4 rats exposed to the cold room, the aA^erage chlorides 
rose to 104.7 m.eq./liter. Eight rats chilled to an aA^erage 18.2° showed a chloride 
figure 102.1 m.eq./liter illustrating a reA'ersal of the reflex rise similar to that 
found in chilled monkcA^s. On reAA'arming rats from 16° to 30°C. no further 
change in chlorides Avas consistently demonstrated. An aA^erage of the aboA"e 
mentioned 11 rats 546^65 101.0 m.eq./liter which may indicate a slight decrease 
as found in monkeys. 

Changes in water and chlorides in rat tissues. The tissues from which our data 
are here reported were all taken from rats varjdng from 67 to 161 daj"s of age. 
The chlorides, percentage total AA-ater, and its intracellular portion in terms of 
fresh tissue are summarized in table 1. In this table the number of cases con- 
cerned in each procedure Avith a gb'en tissue folloA\"S the data for each tissue; 
exceptions to this are giA^en in parentheses. 

The intracellular water is calculated from the chloride content of each tissue 
and of the serum of the animal conceimed. In the muscle the average vdll be 
seen to haA"e increased from 60.66 per cent to 63.74 per cent on exposure to cold 
Avithout loss of reflexes. On chilling AAoth the coil to the completely depressed 
state the intracellular Av^ater returned to 61.08 per cent. For the Ih’er the re- 
spective figures are 42.78, 49.08 and 47.24 per cent. The same tendencies were 
shown in the brain but to a lesser degi'ee, the percentages being 48.51, 51.17 and 
50.82. The same general trend is strikingly brought out in the minced remainder 
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of the rat in which the initial period of cooling raised the intracellular water per- 
centage, 49.77 to 60.73, while the extreme chilling reduced it to 47.66 per cent. 
The changes in the above tissues are illustrated in figure 6. 

The total water of the various tissues follows the same trends as the intracellular 
water except in the case of the liver for which no ex^jlanation can be offered at 
present. The total water of the lung in deep hj'-pothermia was found to be 81.88 



TABLE 1 

Tissue chlorides and water percentages 



CONTROL 

ACUTE COLD 
0\TE:R ice IN" 
COLD ROOM 
•—REFLEXES 

CHILLED 
OX COIL IX 
COLD ROOM 


CONTROL 

ACUTE COLD 
0\"ER ICE IN 

COLD ROOM 

—REFLEXES 

CHILLED 
OX COIL IN 
COLD ROOM 


Average rat temperature 


Average rat temperature 


37.5°C. 

22.4°C. 

18.9°C. 


37.5°C. 

22.4°C. 

18.9°C. 

Muscle 

Chloride 

11.82 

9.70 

8.76 

Total water 

(per cent). . . . 

No. of cases 

78.22 

79.28 

78.49 

Intracellular 
water (per 

cent) 

60.66 

63.74 

61.08 

7 

5 

(6) 

Total water 

(per cent) — 
No. of cases 

Liver 

Chloride 

71.90 

6 

73.08 

4 

71,80 

7 

Minced remainder 
Chloride 

21.36 

13.73 

18.31 

47.66 

(4) 

64.41 

5 

Intracellular 
water (per 

cent) 

'49.77 

60.73 

30.65 

23.31 

22.18 


Intracellular 
water (per 
cent) 

42.78 

49.08 

47.24 

Total • water 

(per cent) 

No. of cases 

68.57 

4 

74.22 

3 

Total water 

(per cent), , . . 
No. of cases. . . . 

71.90 

7 

71,60 

5 

(4) 

72.01 

6 

Lung 

Chloride 

52.31 


52.50 

Brain 

Chloride 

31.31 

29.01 

30.38 

Total water 

(per cent) 

No. of cases 

77.89 

5 


81.88 

3 


(5) 

50.82 




Intracellular 
water (per 

cent) 

48.51 

51.17 







(3) 






per cent as contrasted with a normal of 77.89 per cent. This organ was found 
ver}'- congested and edematous as described by others for deep hypothermia. 

The above e\’idence from determinations of chlorides and water in rat tissue 
confirms the deduction made from the studies of chloride concentration of the 
blood. That is to say that, as a part of the reflex response to cold in the initial 
period of chilling, the cells take up veiy appreciable amounts of water, 'WTien 
the neix'ous system, however, becomes depressed b.^’’ the cold, this process is seen 
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to be reversed. The iatracellular water changes in muscle, liver, and minced 
remainder afford particular!}'- good evidence for this. 

Discussion. The primary and secondary effects of gradual chilling upon 
water movements in the body now appear clearly established, and it is interesting 
to see how well the fragmentary observations in the literature fit into the scheme 
we have outlined. There can be no set rule as to just when the reflex anhydremia 
will disappear, but its occurrence is erndenced in the red cell increase reported in 
the patients of Smith and Fay, and the serum ])rotein increase in Talbott’s pa- 
tient where the concentration rose from 6.5 to 7.2 per cent in the first 7 hours, 
and was maintained at about this level until the 35th hour. It is seen also in 
the whole blood increase in Woodraff’s dogs. 

The secondary shift, after abolition of the defenses against cold, is illustrated 
by the acute anemia of Smith and Fa 3 '’s patients late in the course of refrigeration 
where appreciable decreases in hemoglobin and red blood cell coimts were re- 
ported. Such an anemia was not reported in Woodruff's dogs although it might 
have been expected from the nembutal which was given. In Talbott’s patient 
it seems to have been shown in the fall from 7.1 per cent serum protein in the 35th 
hour to 6.2 per cent in the 45th. 

An analogy to our results appears in the various tissue determinations in 
Talbott's patient as described above where the total water of many of the in- 
dividual tissues was found lower than in the normal subjects. These tissues in 
hypothermia showed less than the normal sodium content; this may indicate that 
the Avater taken by the cells in reflex response to the cold had probably not yet 
been released. 

The high degi’ee of h 3 '^dremia noted on rewarming both monkeys and rats after 
hypothermia has not been definitety explained but undoubtedly bears a relation 
to the edema constantlj'- found in rats. As it is difficult to account for so large 
an accumulation of water in the serum in proportion to the original amount, it 
might be concluded that the serum probablj’- becomes relativelj^ diluted through 
loss of protein which in its turn would support the edema. This point remains 
to be determined. The matter is of considerable importance in Anew of the pos- 
sible employment of hypothermia in the treatment of shock which might be of 
definite value if the dilution represents an absolute hj’-dration of the blood; 
contrariwdse, if it represents an escape of protein. 

The possible control of edema by the use of certain drugs will be discussed in 
another paper. 

Summary. Monkej'S chilled to 23°C. at a rate of body temperature fall of 
5.o°C. per hour .showed the follow'ing changes: 1, in the initial period ivith re- 
tention of protective reflexes, average maximum increase in seiiim protein of 5.1 
per cent and chloride 4.1 per cent; 2, at end of chilling period (vith neuro-mus- 
cular depression) an average reversal from the peak Avas found in serum proteins 
mounting to 4.1 per cent, and in chlorides of 3.6 per cent, of the normal level: 

3, on rewarming at a rate of 2.74°C. per hour, these reversals in the serum fluid 
Avere continued amounting to a maximal decrease in serum protein of 8 per cent 
and chloride of 2.7 per cent of the respective original levels. 
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Rats exposed to a room temperature of 3 or 4°C. for about oue hour, whether 
kept in individual cages or confined in proximity to ice, exhibited: 1, the usual 
reflex responses to cold, especiallj^ shivering and muscular rigidit}^; 2, an increase 
in metabolic rate of approximately 40 per cent; 3, increased serum proteins and 
chlorides; 4, in certain tissues, liver, muscle, brain and minced remainder of 
skinned rat, increases in intracellular water. 

Rats chilled to 16°C. Avithin about one hour showed the follovdng changes: 
1, complete neuro-muscular depression Awth partial edema of the face, jaw, and 
eyelids; 2, a metabolic rate approximately 40 per cent below normal; 3, serum 
protein and chloride levels shoAving reA'^ersal from the concentration consistent!}^ 
seen in the initial stage, as in monkej’s; 4, tissue changes in intracellular water 
also indicating reversal of the initial reflex effect which Avas shoAAm by muscle, 
liA^er, brain, and minced remainder of skinned rat. 

CONCLUSIONS 

Exposure to cold AAdth retention of protecth’-e reflexes leads to a gain of intra- 
cellular water throughout the body. When, however, the central nervous sys- 
tem becomes so chilled as to cause general neuro-muscular depression, the effect 
on the hypothalamus is to abolish the reflex responses to cold, AA^hich process in- 
cludes a reversal of the water shift vith increased extracellular fluid. Subcu- 
taneous edema tends to occur and is augmented on rewarming the animal, AA’hich 
procedure increases greatl}'- the hydration of blood, at least relatively. 

We are indebted to Mr. LaAATence Brigham for the determination of total 
metabolism in rats. 
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In a paper published in 1921, the author (1) demonstrated that frogs, when 
kept in water and injected tvith extracts of the posterior lobe of the pituitary 
body, show a temporar 3 ’- increase in bodj’^ weight. This gain in weight varied 
between 6 to 28 per cent of their original bod\^ weight and lasted for some hours. 
It was found that during this period frogs did not excrete less urine than the}’- had 
before the injection of the extract. It was further foimd that nephrectomized 
frogs when injected with pituitary extracts gain 6-8 grams in a few hours. 
Nephrectomized frogs of the same size, but not injected, gain 2 to 3 grams daily 
in the first days after the operation. Therefore, it was concluded that the gain 
in weight of frogs following the administration of post-pituitarj’’ extracts was due 
to extrarenal factors. 

These results were confirmed by Biasotti (2), Jungmann and Bernhardt (3), 
Heller (4), Steggerda (5), Novell! (6), Steggerda and Friedman (7), Steggerda 
and Essex (8), Rey (9), Boyd and Brown (10), Boyd and Gibson (11), etc., and 
numerous important contributions were made by these authors which threw 
light on the reaction involved. The response elicited bj’ the previous com- 
munication aroused the author’s further interest in the problem of the water 
balance of frogs. As a result it was decided to study the influence of drugs which 
are known to have an antidiuretic, pituitrin-like effect on mammals or man. 
Such drugs are anesthetics and narcotics as demonstrated for mammals by 
Molitor and Pick (12), Bonsmann (13), and for man by the author (14). 

The author’s (unpublished) obsen^ation that frogs, injected with commercial 
extracts of the posterior lobe of the pituitary bod.v become veiy drowsj’-, and, 
with the use of larger doses of the substance become almost narcotized ser^'ed 
as a further stimulus. OnU one reference to a similar observation was found in 
the literature. Boyd and WTiite (15) state that frogs after repeated injections 
of Piti-uitrin (P. D, & Co.) became “less active” and e.xplained the condition as 
“water intoxication”. In the author’s exjjeriments the drowsiness of the frogs 
preceded any appreciable gain in weight. Two possibilities had to be consid- 
ered: the phenomenon could re-sult from an anesthetizing effect of the extract 
.proper or be due to its content of chloretone which is added to most extracts as 
a proscivative. 

Method. The same technique was used as in 1921. Frogs, Rana pipiens 
weighing 30 to 50 giams were placed individually in 2 quart glass containers with 
200 ec. of tap water. Each container was covered ulth a metal lid perforated 
with about a dozen holes. The weight of each frog was noted after careful diving 
and catheterization in one hour or one-half hour inteivals. The anesthkics 
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used were : alcohol, ether, chloroform and chloretone. Ten cubic centimeters of a 
95 per cent alcohol solution, or 2 cc. of ether, or 0.5 cc. of chloroform were added 
to the 200 cc. of tap water in which the frogs were immersed. The water was 
usuall}’' changed after one hour. A 0.5 per cent solution of chlorbutanol Avas 
used. One-tenth to 0.2 cc. per 10 grams of frog was injected into the lymph 
spaces. The frogs were weighed to the nearest 0.1 gram, the injections made 
with a tuberculine S3Tinge. The catheter used Avas constructed according to 
jMorishima (16). 

Protocols, hlorphine in doses up to one centigram pei- 10 grams of frog ap- 
peared to haA'e no effect on the water balance of the animals. The experiments 
Avere discontinued. 

A. The effect of the aforementioned anesthetics on tlie body AA^eight of frogs 
is a uniform one. During the hour in which the frogs AA^ere immersed in the 
anesthetic there aa’-rs a slight gain in weight; in the folloAAong hour Avhen the frogs 
AA^ere again placed in tap AA^ater the gain in Aveight AA^as CA’-en greater. The peak 
of the body AA^eight usually was reached in 2 to 3 hours. The magnitude of the 
gain in AA^eight depends not only upon the concentration of the anesthetic, but 
also upon the length of time the animals AA^ere kept in the solution. The average 
gain in AA^eight of frogs immersed in ether or chloroform A\'as about 4 per cent of 
their original AA'eight varying betAA^een 3 to 5 per cent. The average gain in AA^eight 
of frogs kept in a 5 per cent alcohol solution AA-as 6 per cent, Ararying betAveen 
2 to 15 per cent. The frogs injected Avith 0.1 cc. of a 0.5 per cent solution of 
chloretone per 10 grams frog gained an aA^erage of 1.5 per cent varying between 
1 to 2 per cent. These figures are derh’-ed from 9 experiments each AAoth ether, 
chloroform and chloretone and from 57 e.xperiments AAith alcohol. 

B. Twelve experiments AA’-ere made on pithed frogs. Wlien the operation 
AA^ounds Avere closed up and the animals weighed, 6 of the pithed frogs immedi- 
ately Avere immersed in a 5 per cent alcohol solution for one hour, AAdiile the other 
6 pithed frogs were immersed in tap water thus serving as controls. The pithed 
frogs in alcohol gained 6.4 per cent of their original bodj’^ AA^eight in 2 hours while 
the controls gained an average of 4.6 per cent in tlie same period. 

C. Nine frogs AA^ere nephrectomized. The day folIoA\dng the operation the 
animals Avere immersed in a 5 per cent alcohol solution for one hour. The average 
gain in AA^eight of the 9 frogs AA^as 1.8 grams in 2 hours as a result of anesthesia. 

D. The folloAAung series of experiments was undertaken to obtain information 
as to the elimination of the AA’-ater accumulated in the bodj^ of the frog folloAAdng 
anesthesia. In animals sui-vwing the anesthesia one notes that the bod}’" weight 
returns to normal in a few hours. Therefore, one can distinguish a first phase 
in the reaction to anesthesia in Avhich the animals gain weight, and a second phase 
in AA^hich the body Aveight retmms to the original leA^el. In order to ascertain the 
beginning of the second phase, that is, the time the peak of body AA’-eight is reached, 
more frequent weighings Avere made until the point at Avhich the frogs began to 
lose AA’^eight became eAudent. Then the experiment aa'rs continued in the 
folloAAmg Avay. "ViTen, e.g., 6 frogs had been simultaneously immersed in alcohol 
and the second phase aa^s reached the cloaca AA^as closed in 3 of these frogs AAuth 
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tobacco pouch sutures. It could be observed that these operated frogs again 
began to gain weight while the controls lost weight eliminating large quantities 
of urine sunilar to water. lYhen the sutures of the operated frogs were opened 
and the frogs catheterized the amount of urine found showed that all the accumu- 
lated water in the body had been eliminated through the cloaca. 

E. To see the response of the kidne 3 's in normal and anesthetized frogs tap 
water in the amount of 10 per cent of the body weight was injected into their 
l 3 Tnph spaces. Normal frogs began to lose weight immediatel}’' after the injec- 
tion. Thej'- again reached their original bodj' weight in about 2 hours. Under 
the same conditions frogs subjected to alcohol anesthesia and injected with 
additional water show a slight gain at first. Loss of water begins after 1 to 2 
hours; the original body weight is reached in about 3 hours. 

F. It then appeared obvious that a studj^ of the effect of a combination of 
pituitar 3 ’’ extract and alcohol anesthesia on the water balance of frogs was indi- 
cated. Frogs were immersed in a 5 per cent alcohol solution for one hour. Upon 
theu recover 3 '' from the anesthesia one unit of Pitocin (P. D. & Co.) per 10 
grams of bod 3 ’' weight was injected. Ane.sthesized frogs to which Pitocin was 
administered gain much more weight than normal frogs did after the same dose 
of Pitocin. The combination of alcohol and Pitocin produces gains in body 
weight that are equivalent to the sum of the gains produced by each drug 
administered individual^. 

In these experiments pituitar 3 ' extracts were injected simultaneously with the 
recover 3 ’’ of the frogs from their anesthesia in order to meet the objection that 
pituitary extracts simpb' retain alcohol like water in the bod 3 ' thus explaining 
the greater effect of the 2 drugs administered simultaneous^'. It was noted that 
frogs just recovering from alcohol anesthesia, when injected with Pitressin (P. 
D. & Co.), or Pitocin (P. D. & Co.) became anesthetized again, and remained 
narcotized for at least one hour longer. 

In most of the commercial extracts chloretone is added as a preservative in a 0.5 per cent 
solution. There is, therefore, 0.005 gram in 1 cc. of the solution. The dose of chloretone 
which produces anesthesia in mammals is about 0.15 gram per kgm. body weight. If one 
considers that 0.005 gram of chloretone is injected with 1 cc. of Pituitrin into a frog weighing 
30 grains one must realize that that represents 0.15 gram chloretone per kgm. body weight. 
When using one or two units of these extracts per 10 grams of frog one approaches the dosage 
of chloretone that is expected to exert an anesthetic effect on frogs. 

As a matter of fact using a 0.5 per cent solution of chloretone and injecting 
O.I to 0.3 cc. per 10 grams of frog one notes that the animals behave exactly 
in the same way as after a corresponding dose of pituitai^^ e.xtract that contains 
chloretone as a presert'ative. If alcohol anesthesia is combined with the ad- 
ministration of chloretone the anesthesia is definite^’' prolonged and results in a 
greater gain in weight. 

According to information forwarded b 3 ’' Burroughs, Wellcome & Co. their 
"Infundin” does not contain chloretone or an 3 ’ other preservative. Frogs in- 
jected with Infundin remain as liveh' as the 3 ' were before the injection. 

Discussion. 1. Is the influence wliich alcohol, ether, chloroform and clilore- 
tone e.xert upon the water balance of frogs a true biologic reaction, or are the 
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plienomena due to dissolution of tlie lipoids in the skin of the frog? The answer 
is there could not be a rapid reversibility of the reaction if the action of the anes- 
thetics depended on dissolution of lipoids. 

2. Can we explain the gain in weight of anesthetized frogs as an effect upon 
their central neiwous system? Pithed frogs when immersed in alcohol gain 
shghtly more weight than the controls do. This finding makes one beheve that 
the central nei^mus system can not be the only factor involved. Furthermore it 
was obser%’^ed that frogs continue gaming weight for one hour longer after they 
have awakened from the anesthesia (17). It is conceivable that the muscles of 
the lymph vessels present in the skin of frogs (18) are influenced by anesthetics. 
A dilatation of these Ijmiph vessels would pennit a gi’eater amount of water to 
enter the body. 

3. Is the gain in weight due to an increased intake of water, or to a diminshed 
output, or to a combination of both? An increased intake as a result of the 
anesthetic has been established by experiments on nephrectomized frogs: If 
nephrectomized frogs are immersed in alcohol one notes a superimposed steep 
ascent of the weight cur\^e. 

Frogs of 30 to 50 grams are believed to excrete 3 to 4 cc. of urine in 24 hours. 
A further reduction of the urine formation can not play an important part in the 
gain in weight in the first phase of the reaction. Regarding the abundant urine 
formation in the second phase of the reaction one is under the impression that the 
response of the kidnej^s to increased inteke might be termed delayed. There are 
no means of knowing how quickly a response from the kidneys could be expected 
after an increased intake of fluid via the skin. It is noted, however, that addi- 
tional water injected into the Ijmiph spaces leaves the bodj’^ much more promptly 
in noimal frogs than in frogs that have been subjected to anesthesia. 

It may be worthwhile at this point to re\aew the main difference of the action 
of post-pituitary extracts on the water balance of mammals and amphibians. In 
mammals the antidiuretic effect of pituitaiy extracts becomes manifest only after 
the administration of additional Avater. Without the forced administration of 
AA-ater in mammals or AAuthout voluntary previous intake of additional AA’^ater in 
man, the pituitary extracts have hai'dly an3’^ antidiuretic effect (19). Under 
noi'mal conditions frogs do not drink water. Normall.y Avater passes through 
their skin into the body, a process which is apparently entirely involuntary. Tlie 
increased intake of AA'ater is an experimental premise if Ave Avant to demonstrate 
the influence of pituitaiy extracts in man or mammals but it is part of the reaction 
to these extracts in amphibians. At any rate, enonnous doses in comparison 
AAuth the bodj’^ AA^eight of frogs are required to produce the gain in weight, a fact 
AA'hich deseiwes further investigation. 

SUMMARY 

1. Anesthesia in frogs influences the body AA^eight in a similar way as do ex- 
tracts of the posterior lobe of the pituitary bodjL 

2. Alcohol anesthesia in combination AAuth pituitary extracts results in an 
increase in the frogs’ body Aveight w^hich is equal to the sum of the constituents. 

3. In alcohol anesthesia the flrst phase of the reaction is due to increased intake 
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of water and probably a delayed response of the kidne3’-s. The second phase is a 
100 per cent renal accomplishment. 

4. The content of chloretone present in some of the commercial extracts is high 
enough to influence the weight curve and is even responsible for the anesthetizing 
effect of the extract. 

I wish to express my gratitude to Dr. Albert A. Epstein for rendering these 
studies possible, his guidance and advice, and to Dr. V, de Beck for valuable as- 
sistance in VTiting this paper. 
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While manj^ species of mammals might regularly drink sea water, there 
appears to be no proof that the}’' do. It seems important to know whether 
any voluntarilj’^ ingest it when no fresh water is available; if so whether they 
are able to excrete the salts taken in it; and whether they survive, while drinking 
it, longer than when without any source of water. Questions of ]3articular 
import are: does the urine acquire a concentration sufficiently greater than the 
intake so that some net water of intake remains available to the body? and, is 
maintenance of w’ater conteni; by drinking sea water possible after preliminaiy 
reduction of that content? 

Procedures. Albino rats were chosen for the experiments because they are 
known to form higlil}’’ concentrated urine. IMales were kept in individual wire 
cages which allowed urine to collect into measuring C3dinders. Dry food, 
furnished ad libitum in a deep beaker, was, in some tests, whole dried milk 
slightly mineraliaed with iron, copper, and manganese (Kemmerer et ah, 1932). 
This food is about 27 per cent protein, and hence required considerable water 
for its metabolism. In other tests dog chow was suijplied. Diinking water was 
furnished in an inverted burette, or cylinder, so arranges that none of the water 
could drain into the urinary collector without passing through the rat. The 
chief quantities measured were: body Aveight, water intake, food intake, urinaiy 
output, urinary siDecific gravity, urinary chloride concentration, and sur- 
vival time. 

Water ajcd .salt MET.\noLisM. Turnovers. Rats allowed dried milk and tap 
water ad libitum consumed 4.01 per cent of the body weight (Bo) of food daily (77 
days on 7 individuals). This food had only 2 per cent of Avater in it (0.1 per cent 
of Bo per day), but by oxidation foimed 2.5 per cent of Bo per day. Of Avater, 
14.6 per cent of Bo Avas dnmk per da 3 L Altogether 0.84 gram of water Avas avail- 
able per potential Calorie of food consumed. One milliequivalent of chloride Avas 
ingested and excreted dail}-^ per 100 grams of rat. About 0.5 per cent of net 
Aveight Avas gained each da}-- b}!- the 200 gram male rat. Upon the milk diet the 
loss of Avater in urine Avas unusualW great (10 ]5er cent of Bo per da}^) and the 
eA'aporativm losses amounted to about 8 per cent of Bo per da}'. These data are 
the basis of later comparisons. 

Ingestion of sea water. When gh'en sea water in place of tap AA’ater, bod}' 
AA'eight was lost. An important feature is that certain indiAuduals lost weight 
more .slowh' than others. Some of those indiA'iduals also ate more and drank 
more tlmn the others. The ones that drank least lost Aveight at the same rates as 
rats that had no Avater aA'ailable; none lost significant!}' faster. In other Avords, 
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rats that kept the body weight high did so by ingestmg more, not by losing less 
from the body. 

^ The chief factors in loss of body weight are, therefore, the'failure to take food 
m usual amounts and the failure to take water in sufficient amounts to replace 
the materials lost. The question at issue is, would the animals maintain them- 
selves if their urges (appetites) were such as to lead them to take more of each? 
The answer is no; it seems to be given in part by the character of the urines ex- 
creted. Those that drank more sea water, formed urines of somewhat higher 
concentration of total solids and of chloride. The differences among individuals 



Fig. 1. Increments of bodj' weight (in percent of initial weight) and relative exchanges 
(each in per cent of its control rate) in rats maintained for 6 days with various concentra- 
tions of sea water to drink, (SfF, or with fresh water to drink, IV, or no drink, O, and then 
allowed to recover with fresh water to drink in the after-period. Three to seven tests are 
averaged for each point. Dry milk was alwaj's available ad libilum. Body weight, urinary 
output, fluid intake, and food intake are separately indicated. 

were in part, it seems, such as allow sea water to be metabolized by some rats and 
not others. Four inditdduals at times formed urines containing 0.60 M chlo- 
ride, while three others never attained concentrations above 0.52 M in the same 
sorts of “concentration tests.” The sea water, which was collected at Woods 
Hole, Mass., contained 0.52 M chloiide. Under some conditions, therefore, 
certain rats were able to utilize for purposes other than e.xcretion about one-fifth 
of all the sea water dnmk. 

This one-fifth was not, however, enough to maintain bodj^ weight, the data 
.show. Part of the deficit of body water represented the fact that much less fluid 
was regularly dnmk than when tap water was available (fig. 1). Thi.s may imply 
that water can be utilized only slowly under these difficult circumstances. It 
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also draws attention to the fact that in the rat, most water is being lost not in 
urine but in eva])oration. The latter rate of loss appears to be little diminished 
during deh.ydration; it continues regardless of the bod 3 ^’s water content. Evi- 
dent} 3 ', the rat’s unique abilit 3 ’ to spare some water b 3 ^ producing highl 3 '’ concen- 
trated urine is overpoA\ ercd b 3 ’’ its natural inabilit 3 ' to spare water from evapora- 
tion. '\^^len the rate of evaporation is added to the rate of excretion, the rat 
(with its rapid evajDoration jDer unit weight) is little if an 3 ^ better off than man, 
who produces ui-ine less concentrated than the rat does (maximal 0.37 M Cl for 
men). The fact remains, however, that upon da 3 ^s when the rats dranlc most sea 
water thc 3 f lost least weight. 

When sea water was furnished which was diluted to f strength, the same varia- 
tion of re.sults was obtained; some individuals lost weight more slowly than 
others, but again none maintained their original weights. After some days, how- 
ever, a depicted bod 3 ' weight could in one of five individuals be kept stationaiy. 
Upon h strength, the original weight was maintained (fig. 1); the same was true 
upon I strength. On those regimes the rats grew at usual rates. Over periods 
of two weeks, therefore, no deleterious effects were e^ddent from drinking diluted 
sea water, and, providing it was dilute enough, full food intake and bod 3 '^ weight 
prevailed. 

Ingestion of socJnnn chloride solutions. Wffien solutions of sodium cliloride were 
substituted for sea water, the same results were obtained. The same individuals 
studied above were given solutions 0.75 M, 0.50 M, 0.37 M, 0.25 M and 0.12 M 
to drink. The first two concentrations were in general drunk sparingly, while 
the last three were taken in amounts greater than distilled water (fig. 2). Thus, 
the amounts of 0.25 M solution that were drunk were sufficient to furnish the 
usual available water and in addition to carry away in urine the extra salts 
ingested. 

Evidently the factors which guide the ingestion are in tune with the limited 
concentrations in excretion, as was evident in the experiments of Gamble ei al. 
(1929, 1934) in which the salts were mixed in the food. In those experiments 
the amounts of water voluntarily ingested by rats were such as to render the total 
particulate concentrations of diverse electrol 3 ffes iji urine equivalent to one an- 
other, about 1,0 osmolar (for univalent salts, 0.50 M). 

Ingestion of ammonium- lactate solutions. For contrast with solutions of salts 
that are excreted unchanged, a salt that is metabolized was chosen. Ammonium 
is converted to urea, and lactate is o.xidized to carbon dioxide. A 0.36 M solution 
of ammonium lactate was provided in the drinking burettes, in place of tap water, 
for periods of 12 days. The consumption \vas uniform uimn successive days and 
amounted to 61 per cent of the previous rate of ingestion of fresh water. Appar- 
ently the 3 rats tested maintained themselves upon this solution, drinking suffi- 
cientl 3 '- for their metabolisms, in spite of the sour taste. 

Water privation. Control tests for all the above experiments were furnished 
when no water was allowed to the rats. Food was then consumed in diminishing 
amounts until, after 4 days, less than ten per cent of the usual amounts were 
eaten (fig. 1). Weight was lost; urine was scanty and highly concentrated. 
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Evidentlj^ the aversion to food helped to presence the proportions in the body 
between water and solutes, whereas ingestion of more food ^vouid have acted to 
make the shortage of water more acute- It is well known that the rat refuses 
food whenever some essential constituent of its intake is lacking; this is the wav 
in which cuiwes of body weight as regularly employed in dietai^' studies are able 
to manifest the inadequacy' of a diet. Ti'ater is one such constituent. 



Fig. 2. Increments of various exchanges ete., in rats maintained for 4 days on drink con- 
taining diverse concentrations of sodium chloride. Exchanges n-cre measured in daily 
periods and averaged, eacli point representing one indmdual. Dry milk was ahva.vs 
available ad libitum . 

Fig. 3. Increments of body weight, and exchanges in per cent of body weight per day, 
in rats first deprived of drink, 0, for one day (5 tests each) or for two days (3 tests each) and 
then presented with various concentrations of sodium chloride [Mfl, M/2, M//) or fresh 
water, IT', to drink ad libitum. Dry food was always available ad libitum. 

When food as well as water was denied the rat, loss of weight proceeded at the 
same rates as Avhen food was allowed. ^Tiat small food intakes occurred in 
absence of ivater ivere ei'idently such as to add nothing to the net content of the 
body so long as ivater was not available. 

men Avater was alloAved but food Avas denied, the same picture of Aveight loss 
ensued. This loss occtuTcd in accordance Avith the fact that Avater intakes Avere 
after the first tAvo clays only one-fourth to one-twentieth of the usual ones. 

So far as data are now aA'ailable, priA-ation of some one constituent of the diet 
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leads to as much loss of weight as does the privation of everything. ^Tiat else 
the e.xiJerimenter does not denj^ the animal, the animal itself denies its body. 
And even the moderate amounts taken by the animal are scarcely or not at all 
retained. 

Sui'vival Fifteen male rats (mean initial weight 179 grams), kept in air tem- 
peratures of 22° to 28°C, survived without water for 6 to 15 days. Two of 16 
additional rats given water ujion the sixth day, failed to recover ultimatel 3 ^, 
though able to drink and eat for one to three daj^s longer before death. The 15 
first rats lost 46 per cent of their initial bodj-- weights at death. 

Fifteen other rats given sea water to drink suiadved for 7 to 26 daj’-s. The 
deficit of bodj^ weight at death was the same as abo\"e, 46 per cent. However, 
the mean survival time was increased from 10.2 days to 13.7 daj'-s; this increase 
was probablj' significant (A3.5 da\’s d= 1.5 standard error of the difference). All 
rats of the tv.'o groups of 15 each were not studied simultaneously^; this fact in- 
creased the variability’^ of conditions. However, representatives of each group 
were paired, and were weighed daily' in order that any chance access to water 
would be detected. Ingestion of sea water appeared to diminish the rate of 
weight loss, and in 11 of the 15 pairs of individuals suiwival was aided by it. 
Heller (1932) showed that sinad\’al was not indefinite when equivalent solutions 
of various salts were drank by' rats. 

Rats de]Drived of both food and water survived 7 day's or more. Deprived of 
food alone, they survived no longer, and lost just as much weight. Tliis result 
contrasts with that for larger animals in which stores of food outlast stores of 
water. 

Salt solutions after water privation. Solutions of sodium chloride may*- be sub- 
stituted for water in periods of recovery' from previous dehy'dration. For these 
tests rats were deprived of water for either one or two day's, then presented with 
the solutions. Whereas the rats that were allowed water invariably' drank, 
within one hour, amounts nearly' equal to the body weights they' had lost during 
privation, those given 1.0 M NaCl drank practically nothing during the first 
hour. They' repeatedly' tasted the solution at the burette and refused it. In the 
subsequent 24 hours, however, about 1 per cent of the body' weight was consumed 
(fig. 3). 

When given 0.5 M NaCl after the privation of water, rats drank very' little 
during the first hour; but during 24 hours consumed more than half the volume 
of tap water ordinarily consumed in one day. 

^\Tien given 0.25 M NaCl at the close of water privation, the rats took more 
than they took of water itself. By ingesting double the usual volume, they' thus 
paid off the debt of body' water and at the same time were able to eliminate the 

salt taken in this drink. 

Sea waters in series. In another set of experiments rats alway's had drink 
available but were made to shift successively' from one kind of drinking solution 
to another. One object was to see whether by starting with a diluted drinlc, rats 
could later utilize whole sea water to greater advantage. In none of Rve tests 
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ingestion and subsequent excretion of salts, slower than tbey lost it bj- evapora- 
tion. 

3. Half sea water, or equivalent solution of sodium chloride, allowed indefinite 
maintenance of body weight in rats, with augmented turnovers of water and salt. 

4. Maintenance of water content was not favored by progressive increase in 
the salt concentration of di-mking water. 

5. Recoveiy from deh 3 'dration as a result of previous water privation did not 
occur when sea water or equivalent concentration of sodium chloride was allowed. 
When fresh water was given the corresponding recovery required several daj's’ 
time. 
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As part of a regional study of the nutritional status of college women, the basal 
metabolic rates of women students Imng in 5 mid-western states have been 
investigated. It was desired to determine the nomial basal metabolism for 
these age-groups and, as a range of latitude was represented in the cooperating 
states, to note if geographical differences were evident. 

Present basal metabolism standards for women are generally believed to be too 
high, particularly through late adolescence and early maturity (19). It is cus- 
tomary to use adult standards for these ages but tlris practice has been ques- 
tioned as evidences of growth are often apparent during these 3’-ears (20, 24). 
Harris and Benedict (13) found the limits for various stages of development were 
indefinite which fact further complicates the establishment of standards. They 
also suggested that measures of variability are quite as important as average 
values. 

In a study of girls. Stark (19) observed the adult type of metabolism becom- 
ing apparent from 17 to 21 years of age. In later work (20) she suggested the 
ages of 16 to 21 years as a border line period during which some growth might be 
expected to occur. Benedict and Hendiy (3) reported a distinct but slight de- 
crease' in the basal rate of adults, the average amount per year for women being 
2.29 Calories per 24 hours. With young subjects, particularly girls of 5 to 17 
years, the decrease is much greater according to Boothby and Sandiford (5). 

A great range in the basal metabolism of Connecticut College women made 
Rogers (18) doubt if the subjects were always in a basal state at the time of a 
test, even though they appeared to be, in so far as outward indications were 
concerned. 

According to Benedict (2), women show more day-to-day variability in the 
basal rate than men. He attributed this to the effects of the menstnial cycle 
and suggested that these individual differences Avere more or less equalized when 
large groups of subjects were used. 
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- Contribution 104, Department of Home Economics, Kansas Agricultural Experiment 
Station, Manhattan. 

’ Journal Paper No. J-lllS of the Iowa Agricultural Experiment Station, Ames. Project 
538. 

■* Paper 20S7, Scientific Journal Series, Minnesota .Agricultural Experiment Station, St. 
Paul. 

® Approved for publication bj' the Ohio Agricultural Experiment Station, Wooster. 

® .Approved for publication by the Oklahoma .Agricultural Experiment Station, Still- 
water. 


33 



34 


PITTJL^' ET AL. 


Jenkins (15) advocated the determination of the mean basal metabolic rate 
of a series of normal individuals for each particular region. This is in accord 
with the work of several investigators (7, 16, 17, 21, 23) who find geographical 
location an important factor in basal metabolism. Du Bois (8), however, sug- 
gested that things other than climate may account for some of these differences. 

Results of studies of the effects of season upon basal metabolism do not agree. 
Gustafson and Benedict (11) obsen-ed that sunshine and humiditj', as well as 
temperature, were involved. The\' noted a tendency to low levels in winter 
and high ones in spring and summer. Tilt (22) found no seasonal change in the 
basal rate while Hafkesbring and Collett (12) obtained higher results in cold 
than in warm weather. 

Before better standards can be established it is generallj* believed (8, 13, 19) 
that many studies must be made including large numbers of normal persons of all 
ages and types and representing many different localities. The present studies 
are submitted as a contribution to tiffs end. 

Procedure. The 5 co-operating states were Iowa, Kansas, Minnesota, Ohio 
and Oklahoma. With the exception of Oklahoma, in which the subjects were 
studied for 3 years, the basal determinations were made over a 5-year period or 
longer. The subjects were regarded as normal in health as determined by gen- 
eral appearance and freedom from illness. No th\woid disturbances were appar- 
ent. The 3 'oung women were regarded as typical of the student population in 
each state. While the ages ranged from 17 to 24 j^ears inclusive, the majoritj' 
of subjects in each state fell into the 18- to 22 - 3 "ear groups. 

The tests were made under the usual standard conditions (8). A closed-circuit 
portable respiration apparatus of the Roth-Benedict tj^re was used. The ma- 
chines were carefuU}’ checked for accuracjx Operators were skillful in handling 
apparatus and subjects, although some were apparenth' more efficient than others 
(6). The methods used were uniform for the co-operating states and were those 
generallj* accepted as reliable. No determinations were made during the men- 
strual period or at anj' other time of known excitement or strain. 

Duplicate S-minute tests were made on a subject on an 3 ^ given daj' with a 2- 
to 3-minute period of rest between. With the exception of a few early cases 
which were tested on one daj* only, a total of 4 tests was obtained for each sub- 
ject, two on each of 2 days which were scheduled as close together as possible. 
The mean of the 4 tests was used as one determination of the basal metabolic 
rate. In many instances, but not alwaj's, the 4 tests agreed within the conven- 
tional 5 per cent formerly regarded as essential. 

A total of 1179 determinations was made on 576 different subjects. These 
were distributed as follows; Iowa — 264 determinations, 154 subjects; Kansas — 
379 determinations, 158 subjects; IMinnesota — 283 determinations, 114 subjects; 
Ohio — 172 determinations, 114 .subjects; Oklahoma — 81 determinations, 36 
subject.s. Many of the young women were studied each j’ear they were in col- 
lege, so appear in different age-gioups. This accounts for the fact that the 
individuals are fewer than the number of determinations. 


Ke.SUI.T.S AXD DISCI.-.SSIOX. 


Preliminan' treatment of the data indicated that 
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statistical!}'- significant differences existed beUveen states. Consequent!}’- the 
findings ior each state are reported separately (table 1). Because of unequal 
numbers and, in some cases, too few subjects in the different age-groups, and 
also because significant differences appeared to exist between ages in some of the 

TABLE 1 


Mean basal nieiaholism of mid-western college women 


AGE 

NO. 

CAL./ 

SQ.il./HK. 

STANDARD 

ERROR 

5 PER CENT 
FIDUCIAL LIMITS 

ACE 

NO. 

CAL./ 

SQ.il./HR. 

STANDARD 

ERROR 

5 PER CENT 
FIDUCIAL 
Liiirrs 

Iowa 

Kansas 

17 

16 

35.9 


34.7-37.1 

17 

38 

35.0 

0.504 

34.0-36.0 

18 

31 

35.1 

0.379 

34.3-35.9 

18 

58 

33.6 

0.336 

32.9-34.3 

19 

48 

35.0 

0.368 

'34.3-35.7 

19 

77 

33.2 

0.317 

32.6-33.9 

20 

52 

35.1 

0.328 

34.4-35.8 

20 

89 

32.8 

0.265 

32.3-33.3 

21 

50 

34.6 

0.331 

34.0-35.3 

21 

56 

33.1 

0.283 . 

32.5-33.7 

22 

38 

34.6 

0.316 

34.0-35.3 

22 

37 

32.7 

0.377 

32.0-33.5 

23 

18 

35.0 

0.655 

33.6-36.4 

23 

13 

32.9 

0.462 

31.9-33.9 

24 

11 

34.1 

0.665 

32.6-35.4 

24 

11 

32.4 

1.044 

30.1-34.7 

Total 

264 





379 




Minnesota 

Ohio 




■■■ 


17 

34 

36.4 

m 

35.6-37.2 

18 

34 

35.7 


34.9-36.6 

18 

40 

33.8 


33.0-34.6 

19 

76 

34.9 


34.4-35.4 

19 

35 

34.0 

1^ 

33.3-34.7 

.20 

65 

33.9 


33.4-34.5 

20 

22 

34.8 

0.520 

33.7-35.9 

21 

48 

33.5 


32.7-34.2 

21 

32 

34.0 

0.430 

33.1-34.9 

22 

37 

33.5 


32.7-34.4 

22 

9 

34.6 

0.787 

32.8-36.4 

23 

15 

33.3 

0.416 

32.4-34.2 






24 

12 

32.2 

0.526 

31.0-33.2 






Total 

283 , 





172 




Oklahoma 


17 

8 

34.4 

0.420 

33.4-35.4 






18 

19 

34.0 

0.617 

32.7-35.3 






19 

25 

33.6 

0.460 

32.7-34.5 






20 

20 

32.3 

0.408 

31.4-33.2 






21 

9 

31.1 

0.674 

29.5-32.7 






Total 

81 










younger groups, fit was not possible to consider the entii’e number of students 
within a state as a homogeneous lot. This made it impossible to determine a 
mean basal rate for each state which included all subjects. Actually this could 
be done only for the ages of 20 to 22 years inclusive, and for 4 states. Analysis 
of variance showed the Oklahoma subjects were significantly different at 20 years, 
and after this age the numbers were too few to give reliable results. Therefore 
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no general mean was computed for this state, although it appears that the basal 
rates are undoubtedly as low or lower than those of an}'^ other state studied 
(table 1). The other 4 states are ranked in descending order as to their basal 
metabolic rates (table 2). An anal5^sis of variance based on these limited data 
showed the differences between states for these ages were no longer as great as 
they had been when all the age-groups were used (P < 0.08). Even so, with a 
figure so close to significance as this, it still seemed advisable to consider the 
states separately. 

In table 2 the states are again ranked, but in ascending order, according to the 
mean temperatures for the years of 1934-1938 inclusive, which cover the greater 
part of this study. Assuming, as has been suggested by some workers, that 
basal metabolism is inversely proportional to temperature, the mean basal rate 
in the different states might then be expected to place in the same relative posi- 
tion as for temperature but in inverse order. In accord with this idea, the sub- 
jects from the warmer states, i.e., Kansas, definitely (table 2), and Oklahoma, 


T.ABLE 2 

Basal melabolic rales of the co-operating stales compared with the mean temperatures (25) 


STATE 

SUBJECTS 
20-22 YES., XN'C. 

MEAN* 

STATE 

MEAi; 

TElfPERATUBES 
1954-1938, INC, 

Iowa 


Cal.fsg.m.lhr. 

35.8 

34.4 

33.7 

32.9 

Minnesota 

°F. 

41.6 

Ohio 


Iowa 

49.5 

Jlinnesota 


Ohio 

52.0 

Kansas 

182 

Kansas 

56.6 

61.7 


Oklahoma 


apparently (table 1), had slighth' lower basal rates than those from the colder 
regions. However, Minnesota, the coldest state, did not have the highest rate 
as might have been expected. 

The possibility of differences in thyroid activity in different localities probably 
should be considered as a possible e.xplanation for these discrepancies. Min- 
nesota and portions of Ohio are part of a region naturally deficient in iodine. 
Lack of iodine is Icnown to cause th3’Toid changes which result in lowered basal 
metabolism. IITiile the use of iodized salt was general in these regions during 
the period of the stud3’’, it is possible that there may have been some deficienc3’‘ 
in some of these subjects. This ma3’’ explain to some extent the somewhat low 
rate of }^Iinnesota students which was evident in spite of a cold climate. Stark 
(19) has reported for a somewhat 3’-ounger group of 47 Wisconsin girls (19 to 20 
3*r.s. old) a similar basal rate of 33.5 Calories per square meter per hour (table 2). 
Wi.sconsin also has a cold climate and Is in the iodine-deficient region so a similar- 
it3' in basal rates would be expected and apparent^' existed for these two states. 

The range in altitude, 703 to 1002 ft., exliibitcd 63' the 5 states (table 3) is 
plight. The difference of 299 ft. is too .small to have affected residts appreciabb' 
according to IlilT et al. (14). 
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For all states the means of the first year’s determinations (table 1) were higher 
than those for succeeding 3 "ears. For Kansas and Ohio these differences were 
significant (Kansas, 17 and 18 j’-ears, P < 0.01; Ohio, 17 and 18 years, P < 
0.001). From the standpoiat of age a higher rate might be expected, for the 
subjects at this time were ^munger and in the border line period but also, Avith a 
few exceptions, these were the means of first determinations so it is unlikelj'^ that 
age is the sole explanation of this higher rate although it is probabl}’- the chief 
one. According to Du Bois and Chambers (9) and Stark (20) first observations 
are usualh’- high, due to unaAmidable nenmus tension. 

The mean re.sults for all ages in all states covered b 3 ’' this stud 3 ’' (table 1) are 
lower than those of Boothb 3 >-, Berkson and Dunn (4) for Avomen of corresponding 
ages representing different sections of the countiy but tested at the Mayo Clinic. 
In part, at least, this is due to the fact that these Avorkers used only their first 
single, satisfactory test assuming that their results Avould thus be more suitable 
ior clinical standards. These means are also all loAver than the Du Bois stand- 


TABLE 3 

Altitudes (10) represented in study 


STATE 

CITY 

ALTITUDE 

Kansas 

Manhattan 

/(. 

1002 

Iowa 

Ames 

926 

Oklahoma 

Stillwater 

870 

Ohio 

Columbus , 

744 

Minnesota 

Minneapolis 

703 



ards as modified b 3 ’^ Boothby and Sandiford (5) Avho recommend 36.9 Calories 
per square meter per hour for Avomen of 20 to 24 years. This figure is frequently 
used for computing the normalit 3 ' of basal tests. 

Bod 3 ’' temperature has been accepted as a factor affecting the basal rate, the 
metabolism supposedly rising Avith the temperature. According to Barnes (1), 
the temperatures of women are particularl3’' A’^ariable and many subnormal A'^alues 
are obseiwed. He suggested an aA'erage temperature of about 98;0°F. for Avomen 
but found it Amried with the menstiual cycle from a Ioav of 97.5°F. at the time of 
OAUilation to a peak of near 98.5°F. shortly before the beginning of the menstmal 

flOAV. 

Bod3'^ temperatui’es recorded for this study shoAA^ed considerable indiAudual 
variation but practical^ all Avere beloAV the 98.6°F. regarded as normal. The 
fact that the temperatures were taken earl3' in the morning Avould account to 
some extent for this Ioav level. It Avas not possible to know Avhen ovulation 
AA’as a factor but it undoubtedb'^ Avas occurring in some cases. The majorit 3 ’' of 
these subjects registered temperatui’es between 97.5° and 98.0°F. and the mean 
for all subjects from the 5 states Avas 97.9°F. This agrees AA-^ell Avith Barnes’ 
mean (1) of 9S.0°F. The means for the individual states fell close together, 
Iowa being loAvest Avuth 97.7°F. HoAA^ever, in spite of a Ioav bod 3 ’- temperature. 
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Iowa subjects showed the highest basal rate (tables 1, 2). Little correlation was 
found between basal metabolism and body temperature in this stud}^ although 
it has been suggested (1) that physicians may use a low temperature as indicative 
of need for thyroid therapy. 

Basal rates also gave low correlations with respiration and but slightly higher 
ones with pulse rates. Stark (20) has .suggested the existence of a rough paral- 
leli.sm of pulse with the metabolic rate but according to Barnes (1) pulse is not a 
reliable index of basal metabolism. The latter would seem to be true of the 
re.sults of this study in most instances. 

As originally planned, the basal metabolic rates of freshman women were to be 
followed b}’^ means of 3 'earh' tests during their staj^ in college. This was difficult 
to carry through for obvious reasons and subject losses were great. Onlj' 193 
of the 576 different subjects for the 5 states were studied as often as once each 
y-ear for 3 or more y^ears. Actually’’ 9 different .subjects were followed for 5 y’cars, 
98 for 4 y’’ears, and 86 others for 3 years. 

Xo striking trends were evident. Of the entire gi'oup, 101 or 52.3 per cent 
were highest at their first determination but only’ 51 individuals or 26 per cent 
showed a more or less steady decline through the time they were studied. Six- 
teen subjects or 8.2 per cent remaiued constant (±1 Calorie) for the 3 or more 
y’ears of the expeiiment. The remainder were likely to be high one year and 
low the next or vice versa. As a ivle, intra-individual ^'ariations in these yearly 
tests were sufficiently great to mask any definite decreases in the metabolic 
rates that could be attributed to age. Certainly' no marked changes occurred 
in the basal rate during these years although the metabolism was by no means 
static. 


SXXM^L•^.RY 

Basal metabolism deteiminations have been made on 1179 college women from 
5 mid-western states. These represented 576 different individuals ranging in 
age from 17 to 24 years, inclusive. 

The basal rates for the different states were significantly different. Some- 
thing more than temperature in the geographical regions represented is needed 
to ex-plain the differences in basal rates although it would seem to have some in- 
fluence. In general, the rates were lower in warmer climates. 

Body’ temperatures were lower than the accepted .standards for subjects in all 
the states represented in this study’. 

Little correlation was evident for basal metaboli.sm with body’ temperatures, 
respiration, or pulse rates. 

First tests tended to be high. 

Yearly- tests on the same subject over a 3- to 5-y’ear period indicated that intra- 
individual variations tended to mask any changes from y-ear to year due to age. 

REFERENCES 

(1) Barn-es, B. .1. A. yi. A., 119: 1072, 1942. 

(2) Benedict, F. G. This Journal 110: 521, 1934-35. 

(3) Benedict, F. G. and M. F. Hendbi'. Boston Med. and Surg. J. 184: 217, 1921. 

(4) Boothby, IV, M., J. Berkson .and H. L. Dunn. This Journal 116: 468, 1936. 



BASAL METABOLISM OF WOJIEN 


39 


(5) Booths Y, W. M. AND I. Sandiford. This Journal 90: 290, 1929. 

(6) Cederquist, D. J. Lab. and Clin. Med. 27: 1328, 1942. 

(7) Coons, C. M. and A. T. Schiefelbusch. J. Nutrition 5: 459, 1932. 

(S) Du Bois, E. F. Basal metabolism in health and disease. 3rd ed.. Lea and Febiger, 
Philadelphia, 1936. 

(9) Du Bois, E. F. and W. H. Cii.^mbers. J. A. M. A. 119: 1183, 1942. 

(10) G.\nnett, H. U. S. Gcol. Survey Bui. 274, 1905-1906. 

(11) Gustafson, F. L. and F. G. Benedict. This Journal 86: 43, 1928. 

(12) H.^fkesbring, R. and M. E. Collett. This Journal 70: 73, 1924. 

(13) Harris, J. A. and F. G. Benedict. Carnegie Inst, of Washington Pub, 279, 1919. 

(14) Iliff, a., a. M. Duval, G. M. Kinsm.\n .\nd R. C. Leuts. J. Biol. Chem. Proc. 133: 

xlvii, 1940. 

(15) Jenkins, R. L. J. Nutrition 4: 305, 1931. 

(16) Mason, E. D. J. Nutrition 8: 695, 1934. 

(17) McKittrick, E. j. J. Nutrition 11: 319, 1936. 

(IS) Rogers, E. C. J. Nutrition 18: 195, 1939. 

(19) St.^rk, M. E. j. Nutrition 6: 11, 1933. 

(20) Stark, M. E. This Journal 111: 630, 1935. 

(21) Talbot, F. B. Am. J. Dis. Child. 52: 1, 1936. 

(22) Tilt, J. J. Biol. Chem. 86: 635, 1930. 

(23) Tilt, J. .\nd C. F. W.a.lters. J. Nutrition 9: 109, 1935. 

(24) In press. Regional Project of N. Cent. States Relating to Nutritional Status of College 

Women. 

(25) U. S. D. A. Year Book of .A.gric., 1941. 



INDICATOR YELLOW^ 

ARLINGTON C. KRAUSE 

From the Division of Ophthalmology, Department of Surgery, University of Chicago 
Received for publication May 31, 1943 

The decomposition of Ansual purple results in the formation of a yellow color. 
After years of doubt it has been finalR established that a yellow substance is 
foiTued but there is a question whether there are one or more yelloAV substances. 

Ktihne (1) obsert^ed that the retina or a solution of \dsual purple upon exposure 
to light before becoming colorless turned orange, deep yellow and light yelloAV 
in color. He termed the yellow substance idsual yellow or xanthopsin. Follow- 
ing this obsen-ation manj^ papers (2) were published giving evidence for and 
against the formation of visual yellow. Unknovni experimental conditions 
apparently varied the color. 

In 1929 Naskashima (3) noticed that visual yellow changed from a deep j^ellow 
in acid solution to a light yellow in alkaline solution. Chase (4) showed by 
spectral absorption cuives of bleached %dsual purple solutions that a j^ellow sub- 
stance which was affected bj’’ different hydrogen ion concentrations was foimed. 
Wald (5) extracted a j^ellow substance which he called retinene and which he 
believed to be a carotenoid from its color reaction with antimonj^ trichloride. 

Ljffhgoe (2) named the yellow substance which changed color, indicator yellow. 
He and Quilliam (6) found that spectroscopicallj' visual purple formed an orange 
colored substance which he termed transient orange. Visual j'-ellow was consid- 
ered to be a mixture of transient orange and indicator yellow. Indicator j’^ellow 
was thought to be derived direetty from visual purple or through the intermediate 
transient orange. In contrast to the visual yellow or retinence of Wald neither 
of these two substances according to Ljd,hgoe were extractable from aqueous 
digitonin solutions with petroleum ether. 

Although Granit (7) believed that retinene and indicator j’-ellow are two 
different substances, Hecht (8) recently gave the opinion that \Tsual purple 
breaks down into a protein and a j’^ellow substance. The colored substance was 
considered to be visual yellow or retinene, the depth of color of which varies with 
the hydrogen ion concentration. 

This investigation is concerned with the characteristics of a decomposition 
product of \nsual purple which has the properties of indicator yellow and not 
those of visual j-ellow (retinene). 

PirEP.\R.4.Tiox. The retinas w’ere obtained from bovine eyes at the killing 
floor of the slaughter house. They were iirmrediateh’’ dropped into ice-cold 
alcohol. 

-4bout 10,000 retinas were extracted with 20 liters of an aqueous solution of 
70 per cent ethyl alcohol. The alcoholic extract was shaken with 2 liters of 

’ This investigation has been supported bj’ a grant from the .John and Mary Markle 
Foundation. 
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petroleum ether (b.p. 30-60°C.)- The petroleum ether fraction was separated 
and the solvent evaporated to dryness by vacuum. The residue weighing 38 
grams was dissolved in 100 cc. of alcohol and 4 grams of potassium hydroxide 
dissolved in 25 cc. of water were added. The solution was allowed to stand for 
two hours at 26°C. and was then extracted with petroleum ether to remove the 
unsaponifiable material and \dsual yellow. The alcohoHc solution was diluted 
vith 75 cc. of distilled water, made acid with hydrochloric acid and then ex- 
tracted mth petroleum ether to remove the fatty acid fraction. The alcoholic 
solution was diluted with 75 cc. of distilled water and then extracted with ethyl 
ether. The ether soluble fraction possesses a deep yellow color. After evapora- 
tion of the ether the residue was golden brovm in color. The treatment mth 
aqueous alcohol and ether was repeated for purification of the indicator yellow. 
The jdeld from 10,000 retinas was about 150 mgm. 

The first petroleum ether fraction contained pro-indicator yellow and visual 
yellow. These two pigments could not be separated. By the alkaline hydrolysis, 
indicator 3 ’'ellow was hberated. The petroleum ether extracted the visual yellow 
from the alcoholic solution leaving the indicator j^ellow to be extracted with 
ethjd ether. 

A 3 ^ellow substance possessing the indicator 3 ’'ellow reaction to acids was sep- 
arated from \’isual 3 ’-ellow b 3 ’' another method which was unsuitable for chemical 
procedures leading to isolation of individual compounds. After the baciUaiy 
la 3 ^er of the retina was bleached to a 3 ’^ellow color upon exposure to light, it was 
extracted with a 1 per cent aqueous solution of sodiimi gtycocholate. Upon 
acidification of the clear 3 'ellow e.xtract, a yellow color precipitate formed in a 
colorless solution. Apparentl 3 ’' a visual yellow protein was precipitated. No 
test for protein was made. The remaining bacillaiy la 3 'er of the retina insoluble 
in the glycocholate solution was extracted with a 1 per cent aqueous solution of 
digitonin. The clear extract upon acidification gave no precipitate and turned 
the deep yellow of indicator 3 ’'ellow. The reverse process was tried. The 
bleached bacillary la 3 ’'er of the retina was extracted with digitonin solution. The 
extract turned yellow upon acidification. The retinal residue insoluble in the 
digitonin solution was extracted with a 1 per cent solution of glycocholate. The 
clear yellow extract upon acidification vdth h 3 "drochloric acid gave a 3 ’-elIow 
precipitate and a colorless solution. 

Properties. Indicator 3 ’’ellow was a dark brown viscous solid which was 
slightly soluble in petroleum ether and soluble in alcohol, ether benzene, acetone 
and chlorofoim. It was soluble in 70 per cent aqueous alcohol from which it was 
extractable with ether or chloroform but not petroleum ether. In contrast visual 
3 "ellow was extractable with petroleum ether. Indicator 3 "ellow in aqueous 
digitonin solutions of bleached visual purple was not extractable with ether. It 
was extractable from one per cent aqueous alcoholic solution of sodium h 3 ''droxide 
b 3 ' ether or chloroform but not b 3 ’^ petroleum ether. 

In acid alcohol indicator 3 "ellow gave a feeble pale green fluorescence upon 
exposure to ultra-^dolet light. In alkaline alcohol it produced a remarkabl 3 ^ 
strong yellow green fluorescence. 
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With antimony trichloride in chloroform it gave a pale pink color which has 
no distinct spectral absorption in the \dsible spectrum. The of the 

spectral absorption maximum at 360 mu in absolute alcohol at pH 8.0 was 212 
and at 444 mu at pH 5.2 was 163. 

The reaction with Girard T. reagent suggested that indicator yellow^ possesses 
a carbonyl group which is formed by the hydrolysis of pro-indicator yellow. 
Visual yellow and pro-indicator yellow showed no reaction with this reagent. 

Barium or copper acetate gave no precipitate with an alcoholic solution. 

By micro-combustion a sample which was the purest obtainable gave an 
average of 52,96 per cent carbon, 8.32 per cent hydrogen, 1.99 per cent nitrogen, 
0.48 per cent phosphorus, and 6,76 per cent ash. No suKur was present. 

Discussion. Of the various methods for the isolation of indicator yellow 
wkich w^ere tried the most successful procedure is given. The retinas were proc- 
essed in batches of 2000 imtil the material of about 20,000 to 40,000 eyes was 
accumulated. As far as can be determined by qualitative tests and by spec- 
troscopic absorption the indicator yellow which was isolated is identical with 
that found in bleached Ausual purple solution obtained from bovine retinas. 

All attempts to separate pro-indicator j^ellow from visual yellow have failed. 
The solubilities are similar and chromatographic materials tend toward destruc- 
tion of the substances. Because pro-indicator yellow and visual 3 ’’ellow are both 
extractable from aqueous alcoholic solutions of bleached visual purple by 
petroleum ether and chloroform and indicator yellow^ bj’’ chloroform and not by 
petroleum ether, the confusion over properties of the yellow substances is ex- 
plained, However,* the digitonin and gtycocholate which are used in aqueous 
solutions to dissolve casual purple greatly modify solubilities by the formation 
of new* complex compounds with the lipids. 

The properties of pro-indicator 3 ’-ellow suggest that it is a fatt 3 ’- acid ester 
without a free carbon 3 d group and it is a part of \’isual purple molecule. Ap- 
parentl 3 ^ indicator 3 'ellow' possesses a free carbon 3 d group and has few if any 
carotenoid properties. The percentage of nitrogen and phosphorus and other 
properties indicates that it is not a simple phospholipid. 

The part that indicator yellow- pla 3 's in the \nsion is unknown. Since many 
investigators find it present in bleached visual purple solutions w'hen the test for 
change of color is made either chemically or spectrographically it seems that the 
^nsual process is more than a splitting off of visual 3 nllow- (retinene) from a protein 
and that indicator 3 'ellow- is also formed. Indicator 3 ’'ellow according to its com- 
position and color reaction is not a conjugated ^'isual 3 'ellow^ or a derivative of 
visual 3 'ellow-. Its antimony trichloride reaction is not characteristic for a 
carotenoid. 

The names, -v-isual j^ellow- for retinene and indicator yellow, should be used 
until the chemical structures are determined . Retinene bv' chemical terminology 
is a hydrocarbon but no chemical proof has been given. Its properties suggest 
that it is a carotenoid but the chemical evidence is decidedly meager. 
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SUMMARY 

A yellow lipid, provisional!}'- named pro-indicator yellow, was extracted from 
bovine retina. After alkaline hydrolysis a fatty acid and indicator yellow were 
isolated. Astudy of the properties of indicator yellow shows that it is remarkably 
different from visual yellow. Its spectral absorption curve shifts towards the 
longer wa-ii-e-lengths "s^ith the increase of acidity of the solutions. Indicator 
yellow is one of the substances which is found after visual purple is affected by 
light. 
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It has been demonstrated earlier by Verzar and Laszt (1935) and later by 
Bavetta et al. (1941) and Bavetta and Deuel (1942) that a definite inhibition of 
fat absorption results in rats from the total ablation of the adrenals. Bavetta 
et al. (1941) also demonstrated that this depression in fat absorption by adrenal- 
ectomized animals could be restored to normal bj’’ the administration of a potent 
cortical extract. These findings have been opposed by several investigators, 
notably Barnes, IMiller and Burr (1941), vho observed that adrenalectomized 
rats maintained in a good state of health by the administration of salt solution 
absorbed fat at the same rate as normal controls. At that time v'e felt that the 
failure of Barnes et al. (1942) to observe any significant difference in fat absorp- 
tion in their adrenalectomized rats vras due to the fact that they employed much 
larger and older rats. It was pointed out that cortical deficiency is much more 
critical in younger animals. 

In our pre^nous expeiiments (1942) it vas noted that the absorption of tribu- 
tyiin and of sodium but3Tate was unaffected by adrenalectomy. This suggested 
that the absorption of the lower and more soluble fatty acids is probably not 
dependent on adrenal acthity. As a result of this observation, it seemed desir- 
able to undertake a .sj'stematic stud}’’ of the relation.ship of solubility to ab- 
sorption. 

Methods. The procedure emploj'ed for the studj* of absorption of neutral 
fats was similar to that reported earlier (1941), while the method used for the 
determination of volatile acids, when fed as soaps, was the same as that described 
by Deuel et al. (1941). In all cases recoverj' experiments were first conducted 
in order to ascertain the efficiencj’’ of the method emplojmd. The rats used in 
these recoverj' experiments were fasted a similar period of 24 hours before the 
recovery tests were performed. 

Capric and capr>'lic acids, when fed as such, were recovered by washing out the 
gut with 80 cc. of absolute isopropjd alcohol instead of diethjd ether as employed 
by Deuel et al. (1941). The amount of the acid was determined bj^ direct titra- 
tion. In all cases a subtraction was made for values found in fasting controls. 
The recoverv* values obtained were 94.9 per cent for capric acid; 90.4 per cent for 
the tricaprj’lin; 94.9 per cent for the caprjdic acid; 95.5 per cent for the sodium 
caprylate; 88.1 per cent for the tricaproin; and 90.2 per cent for the sodium capro- 
ate. In all cases at least 10 animals were used for each series of tests. 

In all experiments the absorption period was 3 hours except with capric acid 
where an 8 hour absorption period was used. 
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The rats used in these tests wei-e female rats weighing approximately 120 grams 
wliich had been maintained on our regular stock diet. The triglycerides and 
fatty acids employed were all Eastman products, the purity of which was deter- 
mined by their saponification numbers. Because of the marked laxative effect 
of tricaprin (Deuel et ah, 1940), it was not tested here. 

Results. The average results are summarized in table 1 which also include 
for comparison the mean values previously'' reported from this laboratoiy. 

It was found that the absorption of tricaproin and of sodium caproate was not 
depressed by adrenalectomyL The absorption of tricapiylin also shows no appre- 
ciable difference between normal and operated animals. However, there is a 
significant depression in the resorption of caprylic acid. This decrease was, to 
some extent, corrected by feeding this acid as the water-soluble sodium caprylate. 
The absorption of capric acid was also veiy significantly depressed by the extirpa- 
tion of the adrenal glands. Thus, the cortical influence on fat absorption which 

TABLE 1 


Absorption of capric acid, iricaprylin, caprylic acid, sodium caprylate, tricaprion and sodium 
caproate by normal {N) and adrcnalectomizcd (A) female rats 
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3.7±0.8 
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Sodium caproate 
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117 
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0.6 ±0.3 
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* Including Standard Error of Jlean. 

t Mean DifTerence: Standard Error of Mean Diflcrcncc. When this ratio exceeds 3, the results are considered 
significant. 

t Results from Deuel and Hallman (1940) and Deuel et al. (1941). 

§ Bavetta and Deuel (1942), 

seems to start with more soluble capiylic acid is very decidedly evident with 
capric acid. 

Discussion. .The present experiments suppoi’t our earlier conclusions that 
w'hereas the natural fats require the presence of the adrenal coitex for their 
efficient absorption, the short-chain fatty acids which are more water soluble and 
also their triglycerides are absorbed as rapidly in the adrenalectomized as in the 
normal rat. In the present tests it is showm that the absorption of tricaproin or 
sodium caproate is not influenced by adrenalectomy as was noted earlier for 
tributyrin and sodium butyrate. 

One may regard tricaprylin as an intermediate member between those trigly’-- 
cerides where the fatty acids are water soluble and those where they are practi- 
cally insoluble. While butyric acid is infinitely soluble in water, caproic acid dis- 
solves to the extent of 0.89 part, caprydic to 0.079 part and capric to only 0.0034 
part per 100 cc. of water. 
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The need for some cortical factor begins to manifest itself with caprylic acid 
and becomes very acute in the case of capric acid. It is to be noted that the 
absorption of tricaprjdin is not significantly altered by adrenalectomy. How- 
ever, a somewhat greater accumulation of fatty acids was found in the operated 
group as compared with the normal controls. While this difference is not sig- 
nificant, it does, however, show that the caprj'lic acid liberated as a result of 
hj’drolysis is absorbed at a slightty lower rate b}’ adrenalectomized rats. This 
differential rate is definite^ proved and magnified by the results obtained in the 
absorption experiments where caprjdic acid itself was fed. This depression was 
corrected to an appreciable extent by feeding the more soluble sodium caprylate. 
One must conclude from such data that in the case of tricaprj'lin the caprj^lic 
acid formed as a result of its hydroij'sis in the intestine becomes available at a 
.slow enough rate so as to be absorbed equally well by both groups of rats. It is 
thus possible that the adrenals have a relative rather than absolute influence on 
the permeability of the intestinal epithelial cells. The caprylic acid thus pro- 
vided would not overtax the capacity of the intestinal epithelium of either the 
operated or normal animals to absorb the liberated fatty acids. However, flood- 
ing the absorption mechanism with an oversupply of caprjdic acid would bring 
out the difference in powers of absorption between normal and adrenalectomized 
groups. 

■^STiile the absorption of caprjhc acid, when fed as such, was lowered 33 per 
cent, that of capric acid was decreased to no greater extent (29 per cent). In the 
latter experiments, the rate of absorption was so slow that the exTreriments were 
continued for 8 hours to obtain accurate results. The results of the absorption 
on normal rats agree closely with those reported earlier. 

StnviMARY 

There was no significant depression in the absorption of tiicaproin, sodium 
caproate, and tricapr\'lm in adrenalectomized animals as compared with normals. 
The first indication of any inhibitor^’' effect resulting from adrenalectomj’’ occurs 
with capiydic acid and Is also evident with capric acid. This indicates that the 
adrenal glands play an active role in the absorption of the longer chain fatty 
acids. However, the absorption of lower acids is not dependent on adrenal 
function. Differences in the absorption rates of the longer chain fatty acids by 
normal and adrenalectomized animals are probabl}' due to the capacity of normal 
animals to remove fatty acids from intestine at a much faster rate. 
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The mode of formation of C.S.F.- is a problem of fundamental importance in 
the fields of physiology and biochemistry. Flexner (3) states that the key to the 
problem is the r61e played by the tissue membranes separating blood plasma and 
C.S.F. in the distribution of ionic and molecular species between these two fluids. 
The question is, do the endothelial or ependymal elements of the barrier between 
the blood and C.S.F actually perfomi work in the foimation of C.S.F., that is, do 
they play an active, secretory role, or is the distribution of substances between the 
fluid and the plasma maintained by passive diffusion such as would occur aci’oss 
an inert membrane impermeable to colloidal particles? 

The literature dealing with this problem has been extensively review^ed in 
articles (3, 4, 5) and monographs (6, 7) and it would only be repetitious to con- 
sider it here. 

A somewhat different hypothesis of the mechanism of the formation of C.S.F. 
has recently been proposed bj’’ Wallace and Brodie (8), who suggested that the 
dissolved substances first pass from the blood plasma into the extracellular fluid 
spaces of the brain and cord and from these into the C.S.F. Equilibrium, w^hen 
it is established, is not between the plasma and C.S.F., but betw^een the extra- 
cellular fluid of the central nervous system and the C.S.F. According to these 
authors, the sequence of passage of dissolved substances is from the plasma into 
a pericapillary and perineuronal space constituting the extracellular tissue space. 
In this first passage thej’' must cross a barrier which offers some selective hin- 
drance to their course. From the extracellular spaces, the dissolved substances 
enter the perivascular spaces and thence pass into the subarachnoid fluid. The 
choroid plexus, heretofore believed to be the major site of the formation of C.S.F., 
is relegated to a minor role in determining the composition of the C.S.F. 

The experimental evidence for the foregoing h 3 ’pothesis is that the extracellular 
fluid space of the central nenmus s 3 ’stem is distinct in character from that of the 
extracellular space of tissues elsew^here. Passage of dissolved substances into the 

^ .Mded by a grant from the John and Mary R. Markle Foundation. .4ccounts of this 
work have been presented at meetings of the A. A. A. S. at Columbus, December, 1939, and 
Pasadena, June, 1941, and at the 1941 meeting of the Federation of Societies for Experi- 
mental Biologj' (1, 2). 

- To save space C.S.F. will be used as an abbreviation for cerebrospinal fluid. 
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extracellular space of tissue is rapid, while into the extracellular space of the 
central nervous system it is slow. 

The recent developments in the use of radioactive isotopes, artificially produced 
b}’’ the cyclotron, afford a convenient and valuable method of studjong the 
properties of the barrier between the blood and the C.S.F. for the normal ion 
constituents of the body.® The isotope method is admirably suited to the study 
of problems of permeability. By the use of labeled ions, it is possible to discern 
a transfer or exchange in a system in which there are no net changes in concen- 
tration. Such labeled ions may be distinguished from the ions already present in 
the body fluids by the radiation which is emitted when the unstable isotopes dis- 
integrate. Otherwise there is no chemical or ph^’^siological difference. 

The authors have undertaken the study of the formation of the C.S.F. by means 
of such labeled ions. The aim of the investigation was to measure the rates at 
which ions present in the blood plasma appeared in the spinal fluid. By the use 
of salt solutions labeled with the isotopes already mentioned, it was possible to 
distinguish the administered ions from those normally present in the bodjL As 
was to be anticipated, it was found that the permeation of ions from the blood 
stream into the C.S.F. is generally' a slow process; man}' hours are required for the 
labeled ions to reach the normal ratios found by chemical analysis. 

The results of this study favor the secretion theor}' of fonnation of the C.S.F. 

ExPERiiilENTjVL METHODS. Large, normal dogs weighing between 15 and 30 
kgm. were used in these experiments. After anesthetization with intravenous 
sodium pentobarbital in doses of 30 mgm. per kgm. of body weight, a cisternal 
puncture was aseptically performed with a no. 19 gauge spinal puncture needle. 
After about 45 minutes’ drainage to remove all preformed C.S.F. and when the 
rate of flow had become fairly constant (about one drop in from 30 to 50 sec.), 
the radioactive sample was injected intravenously. 

In order to avoid the dilution of the newly-formed spinal fluid with the rela- 
tivel}' large volume of pre-foimed fluid, continuous open drainage from the 
cistema magna was used. This technique seiwed to eliminate the necessity of 
making uncertain corrections for the dilution of the newly-formed C.S.F. with 
the preformed, non-radioactive fluid. The animal was tilted in such a manner as 
to place the drainage from the cisternal puncture at the lowest possible point of 
the animal’s central neiwous S3'.stem. It was felt that this facilitated as rapid a 
flow as possible of the C.S.F. from its point of formation to the drained cisterna 
magna. In this wa}' the newly-formed C.S.F. was obtained within a minimum 
of time. The lowering of the spinal fluid pressure seemed insufficient to alter 
appreciably the composition of the fluid. 

Samples of C.S.F. were collected continuously for the first two or three hours 
in tared tubes which were changed at timed interv'als. At irregular inter%mls 

“ The use of radioactive isotopes to label ions foreign to the body also may be advantage- 
ous because of the greater scnsitivit3' and convenience of measurement of the radioactivity 
as an analytical tool over the chemical methods of analj’sis for man}' ions. The radioactive 
i.sotopcs of the foreign ions, rubidium, strontium and bromine were made use of in the present 
inve.stigation for this rea.son. 
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(days) the dogs were again anesthetized and cisternal puncture was performed to 
obtain samples of C.S.F. Samples of blood were drawn from different veins in 
the leg into heparin at recorded intervals after the injection and were centrifuged 
to obtain the plasma. 

The tubes containing the samples of spinal fluid were reweighed to determine 
the volume obtained. The contents were then washed into a 10 ml. Coors ashing 
capsule and were evaporated without boiling. Ahquots of the plasma were 
similarly evaporated. The radioacthdty of each sample was then determined by 
means of a Lauritsen electroscope, and after correction for decay, etc., was ex- 
pressed in arbitrary units. The radioactivity per unit volume of the samples of 
spinal fluid was considered to represent the concentration of radioactivity at the 
mid-point of the interval during which the sample was collected. These con- 
centrations, and those of the plasma similarly obtained, were plotted and smooth 
curves were drawn through the points. From these curves there were obtained 
the ratios of the concentrations of the constituents studied in spinal fluid to their 
concentrations in plasma. 

The concentrations of the labeled ions in the blood or C.S.F. were expressed in 
terms of a unit which is one-millionth of the amount of the radioactivity of the 
isotopes administered. This is expressed mathematicallj* hy the relation: 

„ . . , Radioactive count per ml. of sample X 10“ 

Units in sample = — . . . ^ — (1) 

lladioactive count in administered dose 

The electroljd^e solutions containing the radioactive isotopes were prepared 
according to methods that are now standard (see 9). 

Experimental results. Rate of formation of fluid. The difficulties in the 
determination of the rate of formation of C.S.F. and the objections to the data 
that have been reported have been ampty discussed b}’’ others (6, 7). Measure- 
ments obtained by open drainage presumabty do not correspond with the normal 
rate because of the reduced pressure of the C.S.F. The rate of the formation of 
fluid even under these conditions is of interest. In our experiments some thirty 
dogs were studied. In these large animals the rate of flow of the C.S.F. averaged 
about 0.2 ml. an hour for each kilogram of bodj'^ weight, or 96 ml. each 24 hours in 
a dog weighing 20 kgm. With a few exceptions, the range of i^ariation was small. 
The maximum was about 0.3 ml. and the minimum about 0.1 ml. an hour per 
kgm. It is interesting that the animals in which the C.S.F. was obtained at the 
rate of 0.1 ml. an hour on one occasion gave an output of almost exactly the 
mean value in the successive experiment. 

It is striking that the value of 432 ml. in 24 hours reported by Masseiman 
(10) as the rate of formation of C.S.F. in man corresponds almost exactly to the 
rate of formation of C.S.F. obseived in this study, when reduced to terms of 
milliliters an hour per kilogram of body weight. 

The alkali elements. Sodium. Solutions of 1 per cent sodium chloride, in 
which the sodium was labeled with Na’^ were injected intravenously into the 
dogs, in amounts vai-jdng from 7 to 15 ml. and with a radioactivity value of 
between 100 and 400 microcuries. The curves showing the rate of disappearance 
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of the iSIa*^ from the blood plasma and its rate of increase in the C.S.F. are 
plotted in figure 1. 

The doses of sodium injected produced little increase in the concentration of 
sodium in the blood, and consequentty a large gradient of concentration was not 
an important influence in detennining the cun'e of disappearance of the labeled 
sodium from the blood stream. 

The curves of the decrease in Na* of the blood plasma and its increase in the 
C.S.F. cannot be represented by simple mathematical functions. The same thing 
holds true for the other ions. A plot of the logarithm of the Na* activity against 
time does not jdeld a straight line, which would be the case if the curves could be 
represented by simple exponential functions. An approximate mathematical 
analysis indicates that the curves should be represented by equations involving 
h3q3erbolic functions. The parameters of the functions are diSicult to evaluate 
and in vi&w of the considerable fluctuations in the expeiimental data, an evalua- 
tion was not attempted. In connection with the mathematical form of the 
cuiwes, it is of interest that Dominguez, Goldblatt and Pomerene (11) found that 
the elimination of intravenously injected creatinine from the bloodstream could 
iDe represented by a hj'perbolic type of equation. 

The variability obseiwed between the cun'es of the different experimental 
animals is largely to be accounted for by differences in the volume of blood and 
extracellular fluid. The differences in the curves are decreased but not com- 
pletely eliminated if the results take into consideration body weights. 

The curves of figure 1 show that in the first sampling period (from 2 to 3 min.) 
after intravenous administration, the average Na* activity in the blood plasma 
was approximate^' 350 units per ml. This value dropped rapidly during the finst 
hour and verj' slowl}' thereafter, the average at this time being about 200 units Na* 
per ml. If all the Na* were in the blood plasma, its concentration would be 
about 1,200 units per ml. The rapid drop in the first hour probably represents 
mainlj' an exchange of Na* among the components that make up the extra- 
cellular fluids of the bodj'. The slow .subsequent drop represents the urinarj' 
excretion of the labeled sodium and cellular exchanges vdth sodium containing 
tissues such as bone and connective tissue. 

The plasma Na* values during the approximately stabilized period of concen- 
tration (after one hour) are suitable for calculating the mass of the body in 
which the sodium was distributed. Such calculations were carried out using the 
equation : 


(HjO)Xa* = 


administered Na* minus excreted Na* 
specific Na* content of plasma 


X 


100 

body weight 


(2) 


in which (H20)xa. represents the apparent volume of distribution of the Na* 
in the bodj' in percentage of body weight (12). A calculation of the urinarj' ex- 
cretion during the first hours after the injection, from values for the Na* in the 
urine determined at intervals of 24 and 48 hours, showed it to be a negligible fac- 
tor in the calculation of (H20)xa*' The calculations j'ielded values of between 

* The chemical symbol with an asterisk designates a radioactive labeled atom. 
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22 and 29 per cent for the apparent distribution of the Na* with an average of 
about 25 per cent. The average value is approximately that found in rabbits (13) 
and rats (12). 

The rate at which equilibrium is attained in the distribution of the Na* in the 
extracellular fluid varies with the body size of the animal. In rats the con- 
centration of Na* in the plasma reaches a constant level in about ten minutes 
after administration, in dogs about one hour and in man about three hours 
are required (14). 

Following its injection into the blood stream, the Na* in the C.S.F. increases 
steadily for many hours before a maximum is reached.® The concentration of 
Na* in the C.S.F. eventually overtakes the concentration of Na* in the plasma. 



Fig. 1 . The rate of disappearance of labeled sodium from the blood plasma and the rate 
of its accumulation in freshly formed C.S.F. in normal untreated dogs. In this and in the 
•following curves, each experiment on an animal is represented by a characteristic symbol 
which is solid for plasma values and open for C.S.F. The curves represent the averages 
of the experimental points. Unit concentration represents one-millionth of the radio- 
activity of the administered dose of labeled NaCl. Breaks in the abscissa represent changes 
in the time scale. Breaks in the ordinate represent changes in the concentration scale. 

Fig. 2. The rate of disappearance of labeled potassium from the blood plasma and the 
rate of its accumulation in freshly formed C.S.F. 

as was to be expected on the basis of their respective chemical compositions. 
After '21 hours the concentration of Na* in the C.S.F. Avas higher than in the 
plasma, and the ratio of C.S.F. to plasma Na* was 110 per cent, which comes 
wit hin the range of variation of this ratio in normal human beings as deteimined 
chemically. 

6 Staining with the dAm, brilliant vital red, which reduces the permeability of the barrier 
between blood and C.S.F. to cocaine, does not alter the permeability of the barrier for 
sodium ions or water (15). The curves for the concentration of Na* in the blood plasm a 
and in C.S.F. of stained dogs can be essentially superimposed upon the curves of the un- 
treated animals. The water distribution of the body is not significantly disturbed by 
staining with brilliant vital red. In three tests the (H;0)Na* values were calculated to be 
22, 25.5 and 29 per cent. 
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Potassium. The data of six experiments on dogs injected mth K* are plotted 
in figure 2. The amount injected varied between 7 and 30 ml, of an approx- 
imately isotonic solution (1.3 per cent) of KCl vuth a radioactivity value of be- 
tween 150 and 1,000 microcuries. 

The rate of disappearance of K* from the blood plasma followed a curve that is 
similar in shape to that found for Na*, but the concentrations of K* in the 
plasma were always much lower. The K*, injected as isotonic KCl, left the 
plasma with great rapidity. The maximum concentration obtained in the first 
sampling period was about 80 units per ml. of plasma. After about an hour, 
wKen the plasma K* level tended to plateau, the average concentration was 
between 8 and 10 units per ml. in contrast to about 200 units found for Na*. 
In other words, the highest concentration of K* in the plasma after about an 
hour is only about 5 per cent of that for Na*. At 20 hours the concentration of 
K* is down to about 5.5 units per ml., the Na* do\\*n to only 150 units. The con- 
centration of K* in the plasma never remained constant, but in the later periods 
of time the rate of its reduction became quite small. 

The accumulation of K* in the C.S.F. followed a verj’- different curve from that 
found for Na*. There was a veiy rapid increase in the concentration of K* in the 
C.S.F. in the first ten minutes after injection. In from ten to twenty minutes 
the average concentration of K* passed through a maximum and then dropped 
off, paralleling the course of the curve for K* in the plasma. The first part of the 
C.S.F. curve indicates that the rate of permeation of potassium from blood to 
C.S.F, is relatively rapid. The composition of the C.S.F. probably lags behind 
in following the first very rapid fall in the concentration of potassium in the 
plasma. This maj' be responsible for the maximum observed in the curve of the 
K* in the C.S.F. 

Whereas the injection of isotonic solutions of Na*Cl caused little increase in the 
concentration of sodium in the plasma, the injection of equivalent quantities of 
isotonic K*C1 produces a considerable increase in the concentration of potassium 
on account of the normally lower level of the concentration of potassium in the 
plasma. This rapidly drops down to normal. 

With the amounts injected in these ejqperiments (from 7 to 30 ml.) the increase 
in concentration if the solutions were distributed through the blood plasma 
would be between 1 and 5 mAI and between 0.2 and 0.8 mM if distributed 
throughout the extracellular fluid. The concentration of sodium in blood 
plasma or extracellular fluid is about 135 mA'I; that of potassium is about 5 mAI. 
It is therefore evident from this that, whereas the injected material only slightly 
increased the concentration of sodium in the blood plasma, it produced increases 
of from 20 to 100 per cent in the concentration of p6tassium. The enlianced con- 
centration gradient caused by the increase in the concentration of potassium in 
the plasma, although it is only transitor^^ probably has a marked effect on the 
initial rate of permeation of K* into the C.S.F. 

This increase in the concentration of potassium in the plasma persists for only 
a short period since it Ls veiy quickly taken up by the extracellular fluid and then 
by the cells themselves. Even when the concentration of K* in the plasma is 
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80 units per ml, the volume of distribution of potassium is about 45 per cent, 
which is nearly double the extracellular fluid space calculated from the distribu- 
tion of the stabilized Na* concentration. 'R^en the level of K* in the blood 
plasma is stabilized, the tissues have taken up a large proportion of the in- 
jected K*. 

The fraction of the mjected K* which remains in the blood and extracellular 
fluid becomes very small, and the concentration of K* in the tissues attains a level 
many times greater than that of the plasma. This is ap% illustrated by a cal- 
culation from the results of one of several experiments in which a biopsy of muscle 
was obtained from the animal at various times, in this instance 30, 95 and 140 
minutes after the start of the expeiiment. The dog weighed 30 kgm. The con- 
centrations of K* in the blood plasma were 15 units per ml. at 30 minutes, 9.6 
units at 95 minutes and 11.6 units at 140 minutes. The concentrations of K* 
in the muscle were 22 units per gram at 30 minutes, 33.5 units at 95 minutes and 

42.5 units at 140 minutes. Muscle contains about 20 per cent extracellular 
fluid. Consequently the figures given above must be increased by about 20 per 
cent to obtain the intracellular concentration. Assuming the total amount of 
extracellular fluid, including plasma, to represent about 25 per cent of the body 
mass and the concentration of K* to be the same in interstitial fluid and in the 
blood plasma, it maj’’ be calculated that the 7,500 ml. of extracellular fluid of the 
dog weighing 30 kgm. contained 7,5 per cent of the injected/K*. The remaining 

92.5 per cent must have had an intracellular distribution. If the distribution 
were uniform throughout the rest of the bod}^ approximately 40 units of IC* 
per gram of cellular body tissue would be found. Furthermore, smce bone 
contains but little potassium, a higher concentration of K* would be expected in 
the soft tissues than is obtained on the assumption of an equal concentration 
after subtracting the mass of the bodj’’ in the form of extracellular fluid. The 
calculation given above supports the deduction that a small fraction of the 
potassium administered is retained in the extracellular constituents and that 
the major portion is exchanged with the potassium of the cellular constituents. 

Rubidium. A studj’’ of rubidium from the standpoint of its ability to penetrate 
the blood-C.S.F. barrier is of interest because, of all the alkali elements, it most 
closety parallels potassium in its physiological behavior. Inasmuch as the half 
life of radioactive rubidium (18 days) is considerabty longer than that of 
information may be obtained at a later date with radioactive rubidium than is 
possible ivith radioactive potassium. Such infonnation should be of value in 
estimating the physiological behavior of potassium because of the parallelism in 
the physiological behavior of the two ions. 

The radioactive rabidium employed was Kb®® - obtained by bombardment of 
rubidium chloride with neutrons. After a preliminary trial, two successful ex- 
periments were carried out on two dogs, one weighing 26, the other 28 kgm. 
Fifteen milliliters of isotonic Rb*Cl (2 per cent) was administered to the first and 
10 ml. to the second animal. In each instance the radioactive value was about 
300 microcuries. The result of these two expeiiments are plotted in figure 3. 

The cuiwes for the elimination of Hb* from the blood plasma and for its ac- 
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cumulation in the C.S.F. closely resemble those of potassium. There was a 
similar rapid initial drop followed by a slow but continuous reduction in the con- 
centration of Rb* in the plasma. As in the case of K*, the rate of lowering of the 
Rb* concentration in the plasma becomes quite small after the rapid initial drop. 
The larger part of the rubidium was soon removed from the extracellular fluid and, 
like potassium, it must be taken up by the soft tissues of the body, probably bj’’ 
exchange mth potassium. 

Calculation of the volume of distribution of the Rb* showed that it quickly 
surpassed the volume of ex^tracellular fluid in the body and that the apparent 
volume increased throughout almost the entire duration of the experiment. 
From this, one may conclude that the rate of penetration into the cells is a 
relatively slow process and that a steady state is not quickly reached. 

The curve of the accumulation of Rb* in C.S.F, is much like that for K*. 
The concentration of Rb* in the C.S.F, reached a maximum in about half an 



Fig. 3. The rate of disappearance of labeled rubidium from the blood plasma and the 
rate of its accumulation in freshly formed C.S.F. 

Fig. 4. The rate of disappearance of labeled pho-sphatc from the blood plasma and the 
rate of its accumulation in freshly formed C.S.F. 

hour and then decreased gradually. The maximum level of concentration at- 
tained by Rb*, however, was only about half as high as that found for K*. 

The behavior of Rb* was similar to that of K* in one other re.spect, namely, 
that the rate of urinary excretion of both these elements in the amounts ad- 
mini.stered was nearly linear and amounted to 1 to 2 per cent of the administered 
dose per day. 

The experiments show that Rb* does not penetrate the barrier between the 
blood and C.S.F. as readily as does K*. The concentration of Rb* in the C.S.F. 
was at all times lower than the corresponding concentration of K* in the C.S.F., 
and the ratios between the Rb* in the plasma and that in the C.S.F. were some- 
what le.ss tlian tho.se of K*. This may be due to the larger ionic diameter of the 
mbidium ion. On the other hand, it maj' be the result of differences in the 
properties of potassium and rubidium salts of physiologically important com- 
pounds, e.g., lipids. Such an explanation has been offered for the difference in 
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permeability between sodium and potassium. In the present state of knowledge, 
no acceptable explanation can be offered for the ph 3 ’-siological differences between 
ions of the alkali elements. 

Plurivalent ions. The valencj’- of an ion is one of the factors which affects its 
peimeabiUty. Plurivalent ions of biological importance are the phosphates and 
the ions of the alkali earth elements. In the course of this investigation experi- 
ments were carried out with phosphate and strontium ions. 

Phosphate. The data obtained by the use of phosphate are plotted in figure 
4. Six experiments were carried out with phosphate labeled with The usual 

dose of phosphate injected contained 40 mgm. of P* in a volume of 10 ml. with a 
radioactive value of from 200 to 500 microcuries. While this dose is small, it is 
suflicient to double the concentration of P in the blood plasma. The first sam- 
pling periods showed a comparatively high content of P*in the blood plasma (280 
units per ml.) . Tliis indicates that the phosphate is taken out of the plasma more 
slowlj’’ than is potassium. The concentration of labeled phosphate in the plasma 
drops off continuously, very steeply in the first hour and then more slowty. 
There is almost no tendenc}’’ for it to reach a plateau level such as is found ivith 
the alkali elements. 

Two factors which do not operate in the case of potassium may be offered in 
explanation of this. One is that while phosphate is chiefly an intracellular con- 
stituent like potassium, it differs from potassium in not continuing to exist as the 
inorganic ion but instead is mainlj’- converted into phosphate esters of various 
organic compounds. By this process the concentration of phosphate ion is 
maintained at a low level and the tendencj’’ of the phosphate to leave the plasma 
and enter the tissues is maintained longer. The second factor is that bone finally 
becomes the chief site for the storage of administered phosphate and the skeleton 
fonns a great reservoir for the accumulation and exchange between the labeled 
and unlabeled foims of phosphate. As is the case Avith potassium, the bulk of 
the administered P* is soon removed from the blood plasma and extracellular 
fluid but the rate of removal is considerablj’’ sloAA'er than that found for K*. 

The curve for the appearance of labeled phosphate in the C.S.F. shows a slower 
rate of increase than AA’^as found in the case of potassium, but, like the potassium, 
the concentration of labeled phosphate passes through a maximum. The average 
time at v'^hich this appears is much later for phosphate. In the case of P* the 
maximum usually appeared in about one hour; in some experiments it took from 
2 to 2,5 hours to reach the maximum. 

After 24 hours, the concentration of P* in the C.S.F. dropped to less than one 
unit per ml. These Ioav values AA^ere, of course, difficult to estimate accuratel}'’, 
and the readings of these periods are subject to great errois. 

There is also a great individual A^ariation to the pemieation of phosphate.' 
Figure 4 shoAvs that, AAdiile the points fall A^ery nearly on the same curve for the 
decrease of P* in the plasma in the first four hours after injection of equivalent 
doses into the blood stream, the concentration of P* in the C.S.F. may vary from 
4 to 16 units per ml. at the time when the P* in the C.S.F. reaches the peak of its 
concentration. 
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Strontium. Information on the permeability of the blood-C.S.F. barrier to the 
alkali earth cations which are constituents of the C.S.F., namely, calcium and 
magnesium, would be valuable in a comprehensive study of the properties 
of this barrier. Unfortunately, no radioactive isotopes of these elements suitable 
for such an investigation are now available. There is available, however, a very 
strongly radioactive isotope of strontium (Sr®®) with a long half life (55 days) 
which is ideal for tracer studies. Since the accumulated information indicates 
that the physiological behavior of strontium in tracer doses parallels that of 
calcium (16), experiments were undertaken vith strontium ions in order to secure 
information from .which deductions could be made as to the probable ability of 
calcium to permeate the barrier. 

Sr®® was obtained bj’’ bombardment of metalHc strontium and was admin- 
istered as a solution of strontium lactate. The dose varied between 250 and 500 
mgm. of the salt per animal. The curves of the results of three experiments are 
plotted in figure 5. The curve for the disappearance of strontium from the blood 
plasma shows that the concentration tended to reach a constant level at about 
100 minutes after the injection. Subsequently the concentration of Sr* in the 
plasma dropped off slowly, as sho\TO bj' specimens taken at intervals of several 
days. After nine daj^s, the concentration was reduced to between 2 and 3 
units per ml. of plasma. 

This continuous reduction in the concentration of the Sr* in the plasma is 
partly to be accounted for bj’’ the removal of strontium from the extracellular 
fluid by the skeleton and partly by excretion. Specimens of urine and feces were 
collected for periods of nine days following the administration of the strontium 
salt. The amount excreted in the urine was considerable in the first four days 
(an average of about 20 per cent), but very little appeared in the urine thereafter. 
Fecal excretion occurred at a slower but more continuous and nearly linear rate; 
at four days the average fecal excretion was about 10 per cent and at nine days 22 
per cent of the administered dose. At four days the total excretion ambunted to 
about 30 per cent and at nine da 5 ’'s, 40 per cent of the administered dose of Sr*. 

If strontium were uniformty distributed throughout the body, the decrease in 
the concentration of the plasma Sr* .should be proportional to the amount ex- 
creted. Actually, a much greater reduction occurred in the concentration of 
plasma than can be accounted for bj’’ the excretion. After nine days, the Sr* 
in the plasma was reduced to about 2 per cent of the concentration at 100 min- 
utes. If excretion was the only factor, the concentration would hardly have 
been halved. Consequent^', thei'e must be a .slow removal of Sr* from the cir- 
culating body fluid other than that occurring bj' excretion. This is explained by 
the fact, as already mentioned, that Sr* is in large part removed from the circu- 
lation by the skeleton. In adult animals such as were used in these experiments, 
the uptake of strontium by the bone is probably brought about by an exchange 
with calcium ions. 

Calculation of the volume of distribution of Sr* in the body, assuming it is 
uniformly distributed at a concentration equal to that in the blood plasma, 
yielded values of between 35 and 50 per cent of the body mass during the plateau 
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period. Tliis indicates that at first there is a rapid distribution of the injected 
Sr* throughout the extracellular fluids of the body. This is followed by a slower 
removal of the Sr* bj’’ the body tissues and in particular the skeletal system. 

The cuiwe for the accumulation of Sr* in the C.S.F. shows that the maximum 
of concentration was reached in about one hour. Following this, there was a 
veiy slow but continuous drop in concentration which paralleled the reduction 
that occurred in the plasma Sr*. The concentration of Sr* in the C.S.F. always 
remained below that of the plasma. 

The results olitained Avith strontium gi^m a clue to the expected behavior of 
calcium with respect to the C.S.F. Wfliile a radioactive calcium (Ca'*®) of long 
half life (180 days) is available, the extreme softness of its radiations and the 
minute amount taken up by the brain makes it unsuitable for study of the per- 
meability of the blood-C.S.F. barrier. The ph 3 'siological behavior of strontium 
resembles that of calcium. ^Reasoning b 3 '’ analog 3 ^, it appears likety that the 




Fig. 5. The rate of disappearance of labeled strontium from the blood plasma and the 
rate of its accumulation in freshly formed C.S.F. 

Fig. 6. The rate of disappearance of labeled bromine from the blood plasma and the rate 
of its accumulation in freshly formed C.S.F. 

cun'^es for the elimination of calcium from the blood plasma and its accumulation 
in the C.S.F. would closely resemble those obtained with Sr*. The rate of dis- 
appearance of calcium from the blood stream Avould probably be somewhat more 
rapid because calcium is taken up more complete^'’ b 3 '’ the skeleton (16) than is 
strontium. Tlie rate of accumulation of calcium in the C.S.F. AA’ould also perhap.s 
be somewhat faster. 

Tlie halides. Chloride is one of the major ionic constituents of the C.S.F. 
Unfortunately, the short half life of the best-known radioactive isotope of chlo- 
rine (CF®, half life = 37 minutes), makes the use of this ion impractical in tracer 
studies on the permeability of the barrier between the blood and the C.S.F. On 
the other hand, radioactive isotopes of bromine (Br®®, half life = 34 hours) and 
iodine (I‘®S half life = 8 days), are available, which are quite suitable for tracer 
studies. The permeability of the blood-C.S.F. barrier to bromide and iodide 
accordingly was investigated with these labeled ions. 
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Bromide has never been established as being an essential constituent of the 
Body (17), and the amount of iodide that is present in the circulation is extremely 
minute. The permeability of bromide and, to a lesser extent, of iodide has been 
•extensively investigated by ordinal^- chemical methods. This has necessitated 
the administration of fairly large doses of the salts of these ions and in amounts far 
in excess of those normalI.y present. 

It is readily possible to obtain radioactive bromine and iodine of extremely high 
specific radioactivity, which makes it feasible to study the jDartition of these ions 
in concentrations that are within the range of those usualb' found in the body 
and in concentrations very greatly below those it is possible to estimate by or- 
dinary chemical methods. The present study was undertaken in ordei- to 
determine whether the use of minute doses of the halides would alter in any 
particular the findings that have been obtained vdth massive doses. 

The partition of bromide and iodide in the bod 3 ’' b 5 '' means of chemical methods 
of analysis has been the subject of recent investigation by a number of authors 
(18-20). Except in the central nervmus .s 3 ^stem, these halides were found to pass 
rapidlj’’ into the extracellular fluid of the bodj’’ and to parallel chloride in their 
distribution and partition. The rate of passage of bromide and iodide 
from the circulating blood plasma into the C.S.F. was found to be slow and the 
concentration of these ions in the C.S.F. never reached the heights found in the 
blood plasma. Mason (18) obseiwed that the concentrations of bromide in the 
C.S.F. were considerablj' lower than in the plasma manj’’ daj's after the last 
ingestion of bromide in human subjects suffering from bromide intoxication. 
Following the intravenous administration of a single dose of bromide, Wallace 
and Brodie (20) found that the ratio of bromide in the C.S.F. to that in the 
plasma tended to persist at the value of 83 per cent for from 24 hours to 13 daj^s. 
The rate of passage of iodide into the C.S.F. and the accumulation in the C.S.F. 
were obser^’^ed to be considerablj’’ below corresponding values for bromide. No 
evidence of a constant ratio of concentration between C.S.F. and plasma was 
found by Wallace and Brodie for iodide. These authors obtained evidence that a 
certain minimum concentration of iodide must be attained in the plasma before it 
passes into the C.S.F. 

Bromide. For the present experiments the radioactive isotope Br®- was pre- 
pared by bombarding bromobenzene containing a small portion of aniline accord- 
ing to the method of Lu and Sugden (21). The Br®- which was formed was 
extracted vath water, converted to bromide and finallj' prepared for administra- 
tion in an isotonic sodium chloride solution. Consequently, the bromide ad- 
ministered consisted of the Br®® liberated bj' the bombardment and the bromide 
impuritj” in the sodium chloride. 

The results of three experiments carried out vdth Br* are plotted in figure 6. 
The plasma and C.S.F. cuia'es of bromide closeb' resemble the ones found for 
sodium. The blood plasma Br* concentration in the first sample was about 300 
units per ml. The plasma concentration then dropped off until it reached the 
value of about 17.5 units in about one and one-half hours. This level persisted 
with little further reduction for a veiy long time. The prolonged plateau level 
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of Br* concentration found in the blood plasma is evidence that a complete dis- 
tribution of bromide in the bodj’’ is reached within a period of one or two hours. 
The short time required to reach a steadj' state and the prolonged period of 
constant concentration in the plasma is evidence for the view that the distribu- 
tion of bromide, like that of chloride, is essentially extracellular. Calculation of 
the distribution of the Br* in the bod 3 ’- jdelded values of between 22 and 25 per 
cent of the mass of the body. The elimination of Br* from the blood plasma and 
its distribution in the bod}* closeB’^ parallels that found for sodium with Na-t 

The concentration of Br* in the C.S.F. increased as the plasma concentration 
.dropped and it graduall 3 '’ ajiproached but never equalled the plasma concentra- 
tion, A plateau level of Br* concentration in the C.S.F. was attamed in about 
two hours. 

Iodide. The isotope, used in the iodine experiments was prepared b 3 ^ bom- 
bardment of tellurium as described b 3 ^ Hamilton and Solc 3 ’' (22), The iodine 
prepared in this manner contains a high concentration of the radioactive isotope, 
which makes it possible in spite of extreme^' minute doses to follow accuratel 3 ’ 
the iodine and to determine its fate b 3 ’' the radioactive technique. 

The cuiwes for the disappearance of I* from the blood plasma and its appear- 
ance in the C.S.F. are plotted in figure 7. The figure shows that the curve for the 
elimination of iodide from the blood plasma is vei^* different from that found for 
bromide. There was a continuous decrease in the concentration of plasma I* 
with no definite eiddence of its attaining a plateau level. In this respect the 
iodide paralleled the behavior of phosphate. It seems probable that the I* 
progressively disappears from the circulation because in the doses used it is being 
continuously taken up b 3 '' the thyroid gland, as has been shown b 3 ’’, among others, 
Hamilton and Sole 3 ’ (22), 

The rate of increase in the concentration of the I* in C.S.F. was found to be 
highl 3 ’' variable. On the average, as is shown in figure 7, the concentration in the 
C.S.F. reached a constant level in from one to two hours. The accumulation of 
iodide b 3 ^ C.S.F. was much below that of bromide. 

C.S.F. io plastjia ratios. The cun-es of the ratios of the concentrations of the 
labeled ions in the C.S.F. to the concentrations in the plasma are plotted in figure 
8. The cuives represent the aA'eraged values of the ratios for each individual 
experiment. The values are expressed in per cent. Figure S shows that the 
rapidit 3 ’^ of the initial rate of increase in the ratios follows the order, potassium > 
sodium > bromide > rubidium > strontium > pliosphate > iodide. 

Values equal to the normal range of the C.S.F. to plasma ratios found by 
chemical anal 3 ’’sis are reached only ver 3 ' sIow^l In the case of the alkali ele- 
ments, the average of the chemicalh' determined concentration ratios are 105 for 
sodium and 65 for potassium. Curve 1 in figure 8 shows that the ratio for Na* 
is about 60 per cent at one hour and 80 jjer cent at. two hours. Onl\' after 20 
hours is the value of 110 reached, which is in the range of variation of the 
chemicalh'^ deteimined ratio. 

The ratio of K* increases most rapidly of all at first, attaining a value of 50 
per cent in 30 minutes (curve 2). From then on it increases veiy slowly and a 
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period of 18 hours is required for it to reach 62 per cent, which is in accord with 
the ratio found by chemical analysis. The Rb* ratios parallel, but always re- 
main somewhat lower than those of K*. This indicates, as has been found by 
■other physiological tests, that although rubidium shows certain similarities to 
the potassium in biological properties, differences do exist and physiologically 
potassium is not altogether replaceable by rubidium (23). 

The ratio of P"*" attains a value of 15 per cent in the first hour, 23 per cent in 
two and one-half hours, and then apparentlj’’ tends to fall off. The decrease may 
be fictitious because of the verj' low concentrations of P* remaining in the 
plasma in the later time intervals. Because of the low radioactive intensity, 
the probable errors of the measurements are greatly' enhanced. 

The ratio of C.S.F. to plasma Sr* increased most rapidly during the first hour. 
While the concentration of Sr* in the C.S.F, reached a maximum in about one 



Fig. 7. The rate of disappearance of labeled iodine from the blood plasma and the rate 
of its accumulation in freshly formed C.S.F, 

Fig. 8. Comparison of the curves showing changes in the average C.S.F. to plasma ratios 
v/ith time. The numbers of the curves represent the following labeled ioas, 1, sodium; 
2, potassium; 3, rubidium; 4, phosphate; 5, strontium; 6, bromide; 7, iodide. 

hour, the ratio of C.S.F. to plasma Sr* did not reach a maximum until after 24 
to 48 hours. At the end of an hour the ratio was about 40 per cent; from 24 hours 
on it remained about 50 per cent. The value of 50 per cent is of interest because 
this is the ratio of C.S.F. to serum calcium normally found b 3 ’ chemical anal- 
^^sis. In this respect strontium closeh' mirrors calcium. 

Cunm 6 of figure 8 show.s that the ratios of Br* increase at about the .same rate 
a.s the Na* ratio.s. The values of the ratios approach but do not reach a constant 
value in two hours. At two hours, the average ratio was 85 per cent, at two and 
one-half hours it was 87 per cent. These values are onb' a little higher than the 
ratios found bj* Wallace and Brodie (20) hy chemical analysis. It may he con- 
cluded from the.se re.sult.s tiiat the rate of penetration and partition of bromide 
between blood and C.S.F. is essentially' the same for minute as for large doses. 

Of the ions .studied, iodide was the least permeable to the blood-C.S.F. barrier. 
Tlie maximum ratio of concentration of I* between C.S.F. and plasma wa.s only 
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12 per cent in these experiments (cun^e 7). This is less than one half of the 
maximum ratio observed by Brodie and Wallace upon the administration of 100 
m-eq . of Nal to a 15-kgm. dog. The partition of iodide between blood and C.vS.F. 
is e^ddently affected to a considerable degree by the size of the administered dose. 
An explanation for this very low accumulation of I* in the C.S.F. may be that 
while in the C.S.F. the iodine is present in a completely diffusilDle form, in the 
blood plasma a considerable proportion of the iodine is united to protein and is 
non-diffusible. Because of the minute amount administered m the present e.x- 
periment, a large proportion is converted into the non-diffusible iodide. This 
would seiwe to explain the difference between the results obtained in these ex- 
periments and those of Brodie and Wallace upon the administration of the 
massive dose of 100 m-eq. of sodium iodide. 

The present experiments demonstrate that the difficult 3 ' of penneation of the 
halides into the central nervous S3'stem increases in the order of bromide to iodide. 
This result is consistent with other studies that give the order of permeability as 
chloride > bromide > iodide. Although this corresponds to their order of ionic 
diameter, it seems quite likety that other factors, the nature of which is at present 
unknown, are also of great importance in determining the specific permeabilit 3 ’' 
of the halides into the central nervous S 3 ^stem. 

Discussion. The most important aspect of the present study is the bearing 
it ma 3 >’ have on the question of whether the C.S.F. is formed b 3 ’' passive diffusion 
or b}' active secretion. Extracellular fluid as exemplified b 3 ^ lymphatic or capil- 
laiy transudates is probably formed b 3 '- diffusion or simple ultrafiltration. The 
composition of the cellular elements, on the other hand, is probabb” maintained 
by secretoiy mechanisms. 

A comparativeh’ rapid exchange of diffusible constituents and the attainment 
of a steady state which closeb'^ approximates a true thermod 3 mamic equilibrium 
characterize biological diffusion as judged from experiments on extracellular 
fluid. Ion specificit 3 ’’ apparentb’’ is an unimportant factor. 

On this basis the foianation of C.S.F. must be a matter of secretion rather than 
of passive diffusion. The experiments reported here show that the rate of ac- 
cumulation in the C.S.F. of the injected labeled ions is selective and is a com- 
parativeh^ slow jirocess. The rate of accumulation in the e.xtracellular fluid is 
at least ten times more rapid. ^Wien a stead 3 ^ state Avith respect to concentration 
is reached, the ratios of the labeled ions between C.S.F. and plasma indicate that 
a thermod 3 Tiamic equilibrium has not been attained. 

Following the lapse of a considerable length of time the ratios of the labeled 
ions between C.S.F. and plasma reach values equivalent to those obtained b 3 ' 
chemical anab* sis. jNIost of the chemical anab'ses have been carried out on spinal 
fluid obtained b 3 ’ lumbar puncture. It ma 3 ’’ be objected that this differs in 
composition from freshb” formed C.S.F., due to exchange of solutes in the course 
of the sluggish circulation of the C.S.F. The C.S.F. obtained in tliis work 
represents material that was as fi’eshb' formed as it was possible to obtain. The 
cisternal puncture and precaution of draining off the C.S.F. before starting the 



62 GREENBERG, AIRD, BOELTER, CAMPBELL, COHN ^IND MURAYAMA 

test greatly reduced the reabsori5tion of the newly-formed C.S.F. and its con- 
stituents. 

It seems reasonable, then, that the chemical composition of normal C.S.F. is 
representative of a steady state. This stead}’’ state, however, ob\dously is not a 
thermodynamic equihbrium. The attempts to explain away the unusual com- 
position of the C.S.F. by assuming unique effects on the activities of the con- 
stituent ions are not convincing, because, if .such assumptions were true, these 
unique effects on the actmties should be manifest in capillar}* ultrafiltrates. 

The endothelium elements in the capillanes apparently act approximately as 
membranes impeimeable only to certain colloids (mainly protein). Cellular 
stractures more complex than this, such as are pre.sumably concerned with the 
elaboration of the C.S.F., have an active secretoiy function. According to the 
classical theor}’’ of the formation of C.S.F., the choroid plexuses are the cliief 
secreting elements; according to that offered by AVallace and Brodie the secretion 
takes place at continuations of the glial membranes of the pia, which surround the 
precapillaiy blood vessels of the brain. 

The view that the more complex the cellular structure, the slower is the ex- 
change of di.ssolved materials, is supported by the recent obseiwations of Flexner 
and Pohl (24) on the transfer of radioactive sodium across the placenta. 

Acknowledgmmt. We are greatly indebted to Prof. E. O. Lawrence and the 
staff of the Radiation Laborator}’’ of the University of California for .supplying 
us with the radioactive elements used in this investigation. 

SUMM.A.RY 

1. The permeability of the barrier between blood and cerebrospinal fluid to ions 
has been studied by means of tracer experiments with their induced radioactve 
isotopes. The investigated ions were sodium, potassium, phosphate and iodide 
which are normally present in the body and rubidium, strontium, and bromide 
which are foreign to the body. Deteiminations were made of the rates of disap- 
pearance of the intravenously injected ions from the circulating blood plasma, 
and the rates of their accumulation in fre.shly foimed C.S.F. 

2. Similar curv’es were obtained for the disappearance of all the injected ions 
from the blood plasma. The rapidity of the disappearance of the ions from the 
blood plasma decreased in the order pota.s.sium = mbidium > phosphate > 
iodide > sodium = bromide > strontium. The levels of labeled sodium, 
bromide and strontium tended to plateau after about one hour. Calculations 
from the plateau concentrations gave results which indicated that the injected 
labeled sodium and bromide became exclusively and uniformly distributed 
throughout the extracellular fluids of the body. The curve of the disappearance 
of .strontium from the blood plasma indicated that it was first rapidly distributed 
in the extracellular fluids of the body and then slowly taken up by the body 
tissues, particularly the .skeletal sy.stem. Potassium and rubidium showed 
less of a tendency, and phosphate and iodide no tendency to reach a plateau 
concentration. After about one hour, only about 5 per cent of the injected 
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labeled-potassium and mbidium was present in extracellular fluids and the 
remainder, less the amount excreted, accumulated in the intracellular phase of 
the soft tissues of the bodj' at a concentration about ten times greater than in the 
plasma. The bulk of the labeled-phosphate was taken up by the mineral matter 
of the bone and b}' the intracellular phase of the soft tissues where it was con- 
verted into various organic esters. The labeled-iodide was probably mainly 
taken out from the blood stream by the th3U-oid tissue. 

3. The rate of increase in concentration of the labeled-ions in the C.S.F. 
followed the order potassium > sodium > bromide > rubidium > strontium 
> phosphate > iodide. The C.S.F. concentration cur^^es of potassium, rubid- 
ium, and phosphate exhibited pronounced maxima at about 20, 30 and 60 min- 
utes respectiveh\ Strontium exhibited a le.ss pronounced maximum and sodium 
no maximum in the C.S.F. concentration curve. 

4. The ratios of the C.S.F. to plasma concentrations of the labeled ions slowh' 
approached the values found by chemical analysis. Manj’- hours were required 
to reach values equivalent to the chemically determined ratios. The delay was 
selective, and vai’ied greatly for the different ions. 

5. The C.S.F. to plasma concentration ratios were always lower for rubidium 
than for potassium, indicating that the blood-C.S.F. barrier is less permeable to 
rubidium than to potassium. From the close phj’-siological relationship of stron- 
tium to calcium it was deduced that calcium would have about the same degree 
of permeability to the blood-C.S.F. barrier as strontium. The permeability of 
the bariier to the halides probabh’' decreases in the order chloride, bromide and 
iodide. 

6. The hindrance to the free passage of ions from the blood stream to the ex- 
tracellular fluid of the central nenmus system and the deviation from the Donnan 
law of distribution of the stead}' ratios of the concentrations of these ions between 
the C.S.F. and the plasma constitute evidence that the exchange between the 
blood and brain takes place bj' a process of secretion and not by simple diffusion 
or ultrafiltration. 
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The use of ciystalloid solutions as blood volume augmentors in the treatment 
of shock has been extenshmly reviewed (1). Generally, they have been found 
to be less effective than whole blood, plasma, or serum when used in the later 
stages of shock after capillaiy permeability has been altered (2). Under such 
conditions, the cr 3 ’'stalloids rapidly escape from the blood stream carrjdng plasma 
proteins with them (2, 3, 4), thus actualty being harmful b.y lessening the effect 
of the plasma proteins on the osmotic pi-essure of the blood, and possiblj’- also 
bj'’ decreasing the quantity of these proteins availalffe for body tissue needs. 
Nevertheless, it has been claimed that crystalloid solutions are beneficial, if 
administered before capillary permeability has been changed, in combating 
dehydration so as to 'prevent shock (2, 5). The two crystalloids most commonly 
emplo.yed are sodium chloride and glucose, either alone or in combination. 

The venous occlusion method for the production of shock (6, 7, 8, 9) readily 
lends itself for the testing of the efficacy of the timely administration of glucose 
and saline solutions, since the course in untreated animals is consistent and 
uniform. As has previously been reported untreated dogs become listless, 
develop hemoconcentration, a fall in blood pressure, tachycardia, tachjqDnea 
and die in from 3 to 21 hours (6, 7). Any form of therapj'' preventing this chain 
of events can be considered to be effective. Furthermore, this method is par- 
ticularly favorable to test the early use of such crystalloid solutions since it is 
evident that the development, progression and final irreversibility of shock thus 
produced is dependent upon the early loss of protein-free fluids from the blood, 
even though proteins and whole blood subsequently escape into the occluded 
limb. If this escape of fluid is decreased by the application of a rigid cast to the 
occluded limb, shock does not develop (8). It therefore appears that the fatal 
course could be avoided if the fluid loss could be replaced and the circulating 
blood volume maintained. In this report we wish to present our experience 
with the timely use of isotonic solutions of saline and of glucose. 

Procedure. In this study the operative procedure emploj'^ed to produce 
shock was identical to that previously’- reported (6, 7, 8, 9). Under ether anes- 
thesia the common and internal iliac veins of one hind-limb were ligated asepti- 
cally, and 10-15 cc. of a 1:10 suspension of lampblack^ in saline was injected 

* Aided by the A. D. Nast Fund for Cardiovascular Research. 
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under pressure into the veins below the ligation. For later injection of fluids, 
a cannula closed with a trocar was tied into the brachial A’^ein of one forelimb. 
The animal was then permitted to come out of the anesthesia, and obsen’-ations 
were made of its condition as in the preceding studies (6, 7, 8, 9) ; these included 
changes in heart rate, blood pressure, hematocrit, and in the circumference of 
the occluded limb. In the animals not sui^dving, and in those sacrificed at a 
later time, the weight of the edematous limb was compared vdth that of the 
contralateral one in the manner previoush’^ described (6). 

The isotonic solutions employed were NaCl in triple distilled water and glucose 
in distilled water.^ These solutions Avere injected at various postoperative 
inteiwals. The saline solution was injected intravenously in amounts of fi-om 
300 to 2.500 cc. (cf. table 1). The injections Avere begun ^ to 2 hours after 
operation and repeated eA'ery 1 to 3 hours except for the last injection AA'hich, 
on seAmral occasions, AA'as giAmn after a lapse of as long as 7 hours, and in 3 
instances AA'as subcutaneous. The amount of each injection A-aried from 100 to 
300 cc. (except in dog 1 in AA’hich 600 cc. injections AA’ere given tAAice). The 
quantities of glucose giAmn A\'ere of the same order as of saline although the 
Amnation in amount administered AA’as less. The actual quantity Amried from 
400 to 800 cc. giAmn intraAmnously, starting | hour after operation and repeated 
eAmrj'- 1 to 3 hours, AA’ith the last dose delaAmd sometimes for as long as 6 hours 
(cf. table 2). The amount of each injection ranged from 150 to 250 cc. 

Results. The pertinent data are summarized in tables 1 and 2 for the 
isotonic saline and the isotonic glucose experiments respectiA'ely. 

It AA'ill be seen from table 1 that saline not onl}' preAmnted the occurrence of 
death in all 12 dogs in AA’hich it AA’as used, but also preAmnted the marked blood 
pressure decrease and hemoconcentration obserA’^ed in the untreated animals 
(6, 7). Its effect occurred despite a 20 to GO per cent enlargement of the circum- 
ference of the occluded limb in the first 12 hours, and despite an increase in leg 
AA’eight (2.8 to 4.7 per cent of bodj’- AA’eight) in the four animals sacrificed on the 
third to sixth post-operative day. These increases in leg circumference and 
AA’eight AA’ere in the range seen in untreated dogs (6, 7), indicating that the local 
loss of fluid AA’as not increased by administration of saline solution. 

It AA’ill be seen from table 2 that isotonic glucose in distilled AA’ater aa'rs defi- 
nitely beneficial. The mortality in the first 20 hours AA^as 42 per cent (5 out of 
12) in the animals receiA’ing glucose, as compared AA'ith a mortality of 90 per cent 
in untreated dogs to date (19 out of 21). HoAA’CA'er, the results AA’ith glucose AA’ere 
not as satisfactorj' as AA’ith isotonic saline, in AA'hich the mortality in the first 24 
hours AA’as 0 per cent. The increase in leg circumference in the first 12 hours AAas 
of the same order in the glucose treated dogs (11 per cent to 68 per cent) as in 
the dogs receiA’ing isotonic saline. The increase in leg Aveight of the dogs receiA^- 
ing glucose AA’hich surA’iA'ed and AA’ere later sacrificed Avas also of the same order 
(1.7 per cent to 0.3 per cent of body AA’eight) as in the dogs receh'ing isotonic 
saline. As e.xpected, the animals AA’hich’ died AA’ithin 20 hours .shoAA’cd a greater 
increasedn leg AA-eight (3.3 per cent to 8.2 per cent of bodA’’ AA’eight), but this Avas 

* Generously furni.shctl by the .\bbott Laboratories. 



TABLE 1 


Effect of isotonic saline solution on the cotirse of events following venous occlusion of the 

hind-limb of the dog 


DOG 

KO. 

WEIGHT 

ISOTONIC SALINE IN- 
JECTED INTRAVENOUSLY 

FATE OP 
ANIMAL 

IN 1st 

36 BOUP.S 
POST-OPER- 
ATIVELY 

INCREASE IN 
WEIGHT OF LEG 
AS PER CENT OF 
BODY WEIGHT 

MAXIMUM 
INCREASE OF 
THIGH CIK- 
CUMFERENCE 
OVER CONTROL 
VALUE WTTHIN 
1st 12 HOURS 

CHANGES IN 
HEMATOCRIT 
POST-OPER- 
ATIYELY 

CHANGES IN 
BLOOD 
PRESSURE 
POST-OPER- 
ATIVELY 

Time 

post- 

opera 

lively 

Quan- 
tity in- 
jected 

Total 
, injec- 
1 tion 


Hm. 

hrs. 

cc. 

cc. 



per cent 



1 

19.9 

1 

150 

2500 

Survived 


48 

Increase 

Slight drop 



2i 

250 









3i 

600 









5| 

600 









7 

300 









9 

300 









12 

300 







2 

10.9 

0 

■■ 


Survived 


43 

Slight in- 

No change 



3 

mm 





crease ^ 




1 5 

300 

IHI 









150 









H 

150* 

■ 






3 

11 

1 

100 

900 

Survived 


20 

Temporary 

Slight drop 



2 

KISH 

(200)* 




slight in- 




4 

kISH 





crease 



\ 

C 

200 









12 

200* 







4 


1 


300 

Survivefl 


GO 

No change 

No change 



2 








5 


1 

150 

350 

Survived 


61 

No change 

Slight rise 


■I 

4 

100 








■I 

7 

100 







G 

11.4 

i 

200 

GOO 

Survived 


50 

Slight in- 

Rise 



3 

150 

(100)* 




creaso 




5 

150 









12 

100* 







n 

10 

i 

200 

10G5 

Sur\-ivcd 

3.9 

32 

No change 

Slight rise 




365 



(on 6th day post- 




m 


SJ 

500 



operatively) 



i 

8 

11. S 

i 

200 

800 

Survived 

2.8 

27 

Slight do- 

Drop 



3§ 

300 



(on 3d day post- 


crease 




5i 

300 



operatively) 




9 

11.7 

i 

250 

900 

Survived 

4.7 

1 

I 20 

No change 

Slight rise 



3 

300 



(on 3d day post- 






4i 

200 



operatively) 






7} 

150 







10 

Bl 


250 

700 

Survive<i 


31 

No change 

No change 



3 

250 








■ 

8 

200 




! 



11 

7.9 

i 

250 

700 

Surv'ived 


44 

Slight in- 

Slight rise 



3 

250 





crease 




5 

200 







12 

S.l 

i 

250 

700 

Survived 

3.9 

47 ' 

Slight dc- 

No change 



35 

200 



(on 3d day po.«t- 


crease 




55 

150 



operatively) 

j 





75 

100 








• Subcutaneously. 
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TABLE 2 


EJfccl of isolon-ic dcxlronc solution (viadc up in distilled water) on the bourse of events 
following venous occlusion of the hind-limb of the dog 


DOG 

KO. 


ISOTONIC DEXTllOSE 
•INJECTED INTRA- 
VENOUSIA* 

TATE Or’ANniAL 
IN 1ST 36 HOURS 
POST-OPERA- 
Xn'ELY 

INCREASE IN WEIGHT 
OF LEG AS PER CENT 
OF BODY WEIGHT 

MAXIMUM 
INCREASE 
OF THIGH 
CIRCUM- 
FERENCE 
O^'ER 
CONTROL 
VALUE 
WITHIN 
1st 12 

HOURS 

CHANGES 
IN HEMA- 
TOCRIT 
POST-OPER- 
ATIVELY 

CHAIIGES 
IN BLOOD 
PRESSURE 
■ POST-OPER- 
ATIVELY 

WEIGHT 

Time 

post- 

opera- 

tivcly 

1 

Quan- 
tity 
in- 
jected j 

Total 

injec- 

tion 

In 

ani- 

mals 

that 

died 

In animals 
that survived 

1 

/:gm. 

10 

lirs. 

i 

3 

5 

11 

cc. 

200 

200 

200 

200 

CC. 

£00 

Survived 

1 

0.3 

(on 3d post- 
operative 
day) 

per cent 

40 

Increase 

Drop 

2 

■ 

i 

4 

0 

10 

150 

150 

150 

200 

CoO 

! 

Died in 13 hoiir.^ 
(ill sliock?) 

8.0 : 

i 

i 

i 

i 

37 

Slight in- 
crease 

Rise then 
drop 

3 

8.0 

i 


130 

150 

150 

150 

150 

750 

Sur\-ived 

1 

2.0 

(on 4th post- 
ojierative 
day) 

3S 

Increase 

No change 

4 

10 

i 

5 

i 200 
200 

400 

Siirviveil 

1 

1.7 

(on 9th post- 
operative 
day) 

20 

Slight in- 
crease 

i 

Slight rise 

5 

i 11.4 

i 

1 

2 
il 

200 

150 

150 

500 

Died in lOhonra 
in shock 

[ 

I 3.0 


30 

Increase 

Drop 

C 

1 1 

12.3 

i 

i 

2 

9i 

200 
150 i 
130 
150 

050 

Sun’ived 


3.9 

(on 11th post- 
operali %'0 
day) 

23 

Increase 

Slight 

drop 

7 

10.5 

3 

7 

200 1 
150 
150 ] 

500 

Survived 



6S 

Increase 

Drop 

s 

7.2 

i 

3 

C 

7 

250 

250 

150 

150 

800 

Died n-itliin 20 
hours in shock 

8.2 


25 

Increase 

Drop 

9 

■ 

i 

3 

4i 

2.50 

250 

200 

700 

Survivcii 


3.0 

(on 3d post- 
operative 
day) 

11 

Slight in- 
crease 

Slight 

drop 

10 ! 5.9 

1 

1 

1 

i 

2 

5 

250 

250 

200 

700 

Survived 



Cl 

Slight in- 
crease 

No change 

n 1 9 

1 

i 

2 

4 

250 

250 

250 

750 

Died within 20 
hours in shock 

0.3 

i 

21 

No change 

Drop 

12 1 7.5 

i 

1 

2 

5} 

200 

250 

180 

650 

Died within 20 
liourg in shock 

3.3 

1 

! 

11 

Slight de- 
crease 

Drop 


6S 






































































































ISOTONIC NaCl AND GLUCOSE IN SHOCK 


69 


in the same range as in the untreated dogs which died in this time period (3.5 
per cent to 6.9 per cent of body weight (6, 7)). The 4 dogs succumbing in shock 
died at the longer time interval found in untreated animals, thus suggesting 
that while the glucose solution did not prevent the postoperative course of events 
in these dogs, it probably retarded it. 

In addition to the occurrence of early fatalities, the dogs receiving glucose 
solution had a greater trend towards hemoconcentration and hypotension than 
did the dogs receiving saline solution, suggesting that even in those animals which 
survived, the glucose solution was not as effective as saline in preventing the 
early stages of shock. The difference in effect between saline and glucose does 
not appear to depend upon the manner or quantity of fluid administration. 

Discussion. Several facts stand out from this stud3L 

]. Replacement of fluid loss by isotonic crystalloid solutions is effective in 
this t3’^pe of shock when begun before capillaiy permeabilit3'^ is definitel3'’ altered. 
The results support the deductions previously arrived at (6, 7, 8, 9) that the 
venous occlusion method of producing shock initiates the fatal chain of events 
b3'’ loss of fluids from the blood into the occluded limb. Our experience shows 
that isotonic solutions of ciystalloids have no demonstrable effect on the escape 
of fluid from the blood when administered earl3’', if the failm-e to obtain a more 
rapid enlargement of the limb with occluded veins is a good criterion. 

2. Even under the most opportune circumstances, as in our e.xperiments, sim- 
ple fluid replacement 133^ isotonic crystalloid solution does not alwa3"S prevent 
the development of the .earlier stages of shock, and ma3' not prevent the further 
progression, or avoid the irreversible stage of shock with fatal outcome. 

3. Saline solution administered earl3^ is more effective than glucose solution 
as a preventive of shock and its progression. 

4. The beneficial effect of saline solution must depend upon an actipn by 
Na+, Cl—, or NaCl, independent of its restorative effect in replacing fluid lost 
from th^ blood. 

Wdiile we are in no position to explain the mode of beneficial action of NaCl, 
Avhich is apparentl3'- in addition to fluid replacement, several possibilities suggest 
themselves. Its action raa3'’ be b3'' virtue of the Na ion which may operate in 
several ways: 

1. It has been shown that Na is a dilator, of blood vessels (Ro3q referred to in 
(10) (11)). Thus, it may lessen vasoconstriction which occurs as a concomitant 
of shock (12) and which is part of a vicious mechanism leading to the aggravation 
of tissue anoxia. 

2. By virtue of the inverse relationship between sodium and potassium levels, 
a high sodium level would tend to lower the high potassium concentration 
reported to occur in experimental shock (11) or at least counteract its deleterious 
effects. 

On the other hand, the chloride ion ma3’- lessen the acidemia which occurs in 
shock (cf. 1) b3’^ facilitating the production and excretion of NH3 63'^ the kidne3^ 
in the form of the acid salt NH4CI. It ma3'^ lessen chloride depletion accompan3’-- 
ing vomiting which occurs in these dogs when the3’- drink water. It may also be 
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that Cl facilitates oxygen transfer to the tissues and defers the condition of 
impending tissue anoxia (13). 

' It is also possible that several of these factors function in combination, and 
that the action is not due to either ion but to the NaCI molecule, e.g.: the possi- 
bility that NaCl lessons the tendenc}' to dehydration by its water retaining 
effect.' It is well established that NaCl is one of the best means of augmenting 
the extracellular fluid compartment of the body (14). This would avoid the 
deleterious effects of dehydration which in the venous occlusion experiments 
seems to play an important role in leading to the development of shock. 

The action of NaCl in our experiments coincides with the effect of desox 3 ’^coi-ti- 
costerone acetate (DCA). We have shown that DCA given in dmded doses, 
of about 6 mgm. per kilo of bod 5 '’ weight, starting 24 hours before the operation 
and continuing for the first 24 postoperative hours, also prevented the develop- 
ment of in’eversible shock in 73 per cent of the animals (8). Remington et al. 
(15) were unable to confirm this latter result but this may have been due to the 
fact that these investigators did not permit their dogs to have water, whereas 
our animals were allowed to drink at A'dll. We obsen^cd that the dogs receiving 
DCA drank more freelj'- than the untreated dogs, and did not vomit. Aside 
from maintaining high Na levels, the beneficial action of DCA could therefore 
have been due to the augmentation of the circulating blood volume and fluid 
reserves in a manner similar to that following infusion of isotonic NaCl. 

Our experience indicates clearl.y that glucose is not as efficacious a cjy.stalloid 
as saline. Since the glucose commonlj' administered in .shock is made with 
saline the benefit falseW accredited to glucose may have been due to saline. 
Even when plasma and Avhole blood are given, there is, in addition to the proteins 
and red blood cells, an isotonic crystalloid content including NaCl, which latter 
maA' plaj' an important role in the benefits of these blood A’olume rcplacers. 

The preA'ention of deliA'dration bj' fluid replacement is one of the more impor- 
tant factors of .shock therap 3 ^ As is cAudent from our studj', intfa\'enous 
injections of isotonic saline serA'es this purpose aa^cII, especially in the early stages 
in Avhich capillarj’' impairment is relatReb’’ non-existent. It maj’’ be A’-aluable 
in anA' form of dehA'dration, and in massh^e A^ein thrombosis AA'hich this experi- 
mental method imitates. The fact that the early administration of isotonic 
saline is of such striking benefit in massRe venous occlusion to such an extent 
that^it actualh* prevents the dcA^elopraent of irreversible shock and death, leads 
us to suggest that its trial in other foims of shock should be attempted more 
exteiLsiAmh' than recenth’’ has been customarj’-. If our results AAoth the Amnous 
occlusion method are applicable to other forms of shock, and the recent studies 
of R-osenthal (10) (about AA'hich aa'c learned Avhen our studies Arere completed) 
shoAv that isotonic saline is an effectiA'e agent in burn shock, it Is suggested that 
in combat areas intraA’-enous Isotonic saline maj’’ be of A'-alue. Thus, AAhen the 
supply of plasma or AA'holc blood is limited, considerable benefit maj'’ be derived 
fiom the use of isotonic saline solutions in those injured indiA'iduals aa-Iio cannot 
retain fluid by mouth, aa'Iio are not greath'’ e.xsanguinatcd, and aa'Iio are in the 
pre-shock or early shock stage. The limited supplj* of AA'hole blood and plasma 
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avLailalile could thus be conserved for more urgent cases. It is not unlikely 
that the widespread use of isotonic saline solutions shortly after injurj'- will 
actually lessen the need of plasma and other colloid solutions, since it may check 
the progress of the chain of events leading to shock. In those cases in which 
saline fails, recourse may still be had to jilasma and whole blood (17). Emphasis 
is laid upon this point in an attempt to countei’act the contemporaiy trend of 
indiscriminate utilization of plasma and whole blood and of concentrated forms 
of plasma and colloid solutions. There is a definite role for isotonic saline solu- 
tion in conditions of deh 5 ’-dration and in states of injuiy without exsanguination 
in which the total quantity of plasma protein is not markedly reduced. The 
chief provision in the use of isotonic saline solution is that it be used earl,y enough, 
then if it fails to be beneficial, whole blood, unconcentrated plasma or appropriate 
colloid solutions should be substituted. 

SUMMARY AND CONCLUSIONS 

1 . The efficacy of isotonic sodium chloride and of glucose solution in prevention 
of the shock syndrome produced by venous occlusion of the hind limb ivas in- 
vestigated. Sodium chloride was found to be of more beneficial therapeutic 
action than glucose, demonstrating that the simple addition of fluid per se is 
not the sole important factor in prei'^enting this type of shock. The possible 
beneficial mechanisms of action of sodium chloride are discussed. 

2. Our results demonstrate that isotonic saline solution if administered before 
alteration of capillary permeability has taken place, has a definite place as a 
therapeutic agent in the treatment of this and possilily other kinds of shock. 
Its earlj'' administration, when other types of blood volume augmentors are 
precious or not available, cannot lie overemphasized. 
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Indications for the necessit}'^ of manganese in animal nutrition originally were 
presented in 1926 by IS'IcHargue (1) but the first real evidence of a requirement 
awaited the work of Kemmerer (2), who employed mice on a mineralized diet. 
Testicular degeneration, impaired estrous cycle, and decreased viability of the 
young have been reported in rats as early symptoms of a manganese deficiency 
(3) ; improved techniques have resulted in also demonstrating impaired growth 
(4, 5). Lameness in pigs (6), sterility in cows (7) and perosis in chicks (8) 
like^visc have been traced to a lack of this element. 

Despite the evident needs for manganese, almost nothing is known of its r61e 
in the body, and little has been published on its physiology. 

In the work done on chicks it wan found (9, 10) that perotic chicks have lower 
blood and bone phosphatase activity than non-perotic chicks; in rats, liver argi- 
nase actmty is considerabty lowered in Mn-deficient animals (4, 5), Both 
arginase and phosphatase as well as several intestinal peptidases (11, 12) are 
activated by manganese — ^l)ut in all of these cases the effect is not specific. There 
are several reports, also, on the role of manganese in connection with certain of 
the vitamins (13-15), but no confirmation of these findings has been forthcoming. 

The problem of bone formation has presented itself in reference to the re- 
searches vlth chicks. Two cases of malformed bones also have been reported 
bj'' Barnes et al. (16) as having occurred in rats raised on a low-manganese milk 
ration. The type of malformation noted was unusual and the^'^ attached some 
significance to this fact, although bone studies by Boyer et al. (4) failed to pro- 
duce a similar picture on an obviouslj' more deficient diet. 

Thus it appeal’s that a great deal of investigation remains to be done in this 
field. The very fact that growth is definitely impaired by a deficiency of manga- 
nese points towards some specific physiological role of this element in nuti’ition. 

In this paper analytical determinations on manganese-deficient animals were 
made for the purpose of arriving at gross biociiemical ciuinges, which then might 
be used to indicate the fundamental processes in which manganese is involved. 
Blood, bone, enzjmatic, metabolic, and endocrinal studies were carried out, and 
the re.sults and interpretations of these results arc reported in flctail. 

ExeERi.MEN'T.\L RESULTS. Groivllt. All animals used in this work were 
removed from breeding cages at two weeks of age, and ]jlaced with their mothers 
on the experimental ration until weaned one week later. This procedure pre- 
vented undue contamination of the j'oung, and facilitated the production of a 
deficiency. 

Previous woik with chicks (9) and the recent investigations of Shils and 
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McCollum (5) indicafc tlinl, high Ca and P ingestion produce more marked 
I\In-dcficienc.v symptoms. In our work the basal ration used, designated as 
M-1, had a Ca/P ratio of M-2 ration a Ca/P ratio of 0.S5; M-3 ration a 
ratio of Ca/P of 2.55. The ingredients of thc.se rations arc summarized in 
table 1. Purification consisted of recrystallizing the suero.se once from a GO 
}}er cent alcohol solution; use of reagent salts in all cases, with the Ca 3 (PO.t )2 
being further purified by reprecipitation and the iron salts being made by dis- 
sohdng reagent iron wire in concentrated liydrochloric acid. The casein was a 
vitamin-free product called Labco casein. Control animals were su])i)lemented 
orally with 50y per day of manganese as the sulfate. 'Fhe growth records re- 
ported in table 2 rcprc.sent data obtained on these rations after a two week 
depletion period following weaning. 

Table 2 clearly .shows the dificrcnces in growth evidenced in a manganese 
deficiency. Although the figures for the M-2 ration indicate the .slower onset 
of a deficiency as compared to the basal ration, the table unfortunately docs not 
show the relatively more severe .symi)tom.s obtained on the higher C^a/P ratio 
vith an earlier plateau in weight., and poorer etficiency. 1'his was more readily 
apparent when paired-fed animals were used, a less efficient, convension of food 
to body weight being noted in all of the manganese-deficient animals as oom- 
jjared to their manganese-supplemented litter-mates. 

In general appearance the manganese-low rats show signs of progressive 
emaciation, a ])oor and dirty hair coat, and instability. No paralysis, as re- 
ported b\’’ Shils ct al. (5), was noted in animals maintained on t.hc basal ration 
for ns long as six months, although a noticeable wcaknc.ss of the hind legs caused 
a decidedh' impaired gait. A tyj)ically deficient animal is pictui'cd in figure 1 
beside a nonnal littermate. 


Basal uietahoUsin. Using published technicpies (17), the respiration quotient 
and the basal metabolic rate in terms of calories/square meter/24 hours were 
obtained. No differences were found in R.Q. — all animals averaging about 0.75. 
Although a slight increase in B.IM.R . was found in the deficient animals (1 009 ± 
30 compared to a control value of 990 ± 33), it. is doubt.fid if much significance 
can be placed on this finding in view of the natui’al variation which would be 
expected. 

Nilrogen mdaholism. A significantly ilisturbed function of arginase activity 
in the animal might be expected to cause impaired nitrogen metabolism. Use of 
a milk I'ation in one case, and the synthetic basal ration with protein removed in 
another, showed no essential differences in fettes excretion, uiinary excretion, or 
retention of nitrogen in animals in intermediate stages of deficiency. 

Bone studies. An extensive study of bone formation was called for in view of 
the reported differences noted in blood and bone jihosiihatase activity in chicks. 
The results of anal.y.ses of the femurs for length, volume (determined by the 
volume di.splacement of the bone in water), j)crcentage of dry mat.ter, jiercentage 
of ash on tlie dry ether extracted bones, and the density ol the ash in the bone, 
are summarized in table 3. It is obvious from these data that the jjroce.ss of bone 
formation is significantly disturbed in the manganese-deficient animal. Not 
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TABLE 1 


Composilion of Mn-low rations 



M-l 

H-2 

jr-3 

1 

Sucrose (percent) 1 

11.0 

11.0 

11.0 

Casein (per cent) ' 

29.0 

29.0 

29.0 

Lard (per cent) 

53.5 



Salts* (per cent) 

6.0 

6.0 

6.0 

In a'-HPO^ *121110 (per cent) 

CaClo-2TT»n fner cent! 

2.0 

2.0 

Vitamins : 
choline (per cent) 
p-aminobenzoic ac 


0.5 

0.5 

0.5 

;id 

200 mgm./kilo 

10 mgm./kilo 

25 mgm./kilo 

2 mgm./kilo 

15 mgm./kilo 

25 mgm./kilo 

1 drop/week 

8 

200 mgm./kilo 

10 mgm./kilo 

25 mgm./kilo 

2 mgm./kilo 

15 mgm./kilo 

25 mgm./kilo 

1 drop/week 

8 

200 mgm./kilo 

10 mgm./kilo 

25 mgm./kilo 

2 mgm./kilo 

15 mgm./kilo 

25 mgm./kilo 

1 drop/week 

8 

flavin 


pantothenic acid 

B,. 

Be 

nicotinic acid 

halibut liver oil 

*Composition of salts: 
MgS04*7Hi0 

KaCl 

20 

20 

20 

KCl 

10 

10 

10 

Caj(P0«)- 

61 

35 • 

40 

Na.HPO«*12H*.6 

26 

1 

CaG1..2H,n 


21 

ZnS0« 10. o' 

FeCli.4HiO 79.6 

\ 4M 

1 

1 

1 

CuSO^-SHiO 10.0 
lO 0.4j 

Ca content (mgm./g 
P content (mgra./gr 
Gfi /P rat.in 

;ram) 

14.2 

8.14 

* 

18.15 

am) 

1 9.61 

9.61 

7.12 


1.47 

0.85 

2.55 

ATn cnntnnt = -j'/gram 

0.90 

0.92 

0.93 

Av. daily food intake (grams) . . 

5-6 

5-6 

5-6 


TABLE 2 


Growth* records of rats on various Mn-low diets 


■ 

ADDED 1IANC.\KESE | 

1 MAKGAHESE-LOW 

1 

Sex 

Number 
i of animals 

1 

' Average 
wl. gain per 

1 day 

i Range 

i 

Sm i 

Number 
of animals 

Average 
v/t. gain per 
day 

Range 



i 

Srems 

t:rams 

[ 


grams 

grams 

M-1 

9 

15 

2.70 

(2. 1-3.3) 

9 

17 

1.61 

(0.7-2. 4) 



7 

3.28 

(2.8-3. 8) 

cT 

17 

1.73 

(0.3-2. 9) 

1 

AI-2 ' 

1 

9 

3 

2.87 

(2.7-3.1) 

9 

4 

2.33 

(2. 1-2.6) 



3 

4.28 

(3.9^.6) 

cf 

3 

2.89 

(2.4-3.3) 

M-3 

9 

! 2 

3.12 

(2.9-3.3) 

9 

3 

1..57 

(1 .0-2.0) 


1 c? 

i 1 

3.10 


d 

3 

1 1.97 

(1.5-2. 2) 


* 9 nverage for 4 weeks; cT average for G weeks. 






















Weight (gm.) 
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only are the iiercentages of dry matter and ash lower liut the concentration of 
ash in the bone is consideralily decreased. These figures are actuallj'- an analyti- 
cal expression of an observed weakness of the bone generally. Examination of 
longitudinal sections of these liones sliows in the young, normall}’^ growing rat a 



Fig. 1. jManganeso-dcficicnt rat with normal litter mate. Animals arc 6 months old 9 9 
and weigh 130 grams and 230 grams respectively. 



Fig. 2. Pituitai’y studies on Mn-dcficient 9 rat on !M-3 ration. Tlie top curve represents 
growth from 63 days of age; the bottom graph represents weekly food consumption. 

somewhat spongy layer of trabeculae beneath the ejiiphyseal line in the head of 
the diaphj'sis. These trabeculae, however, are absent in the manganese-deficient 
animal — indicating a greater resorption of bone. 

Although the bone ash is decreased there is no apparent difference in the Ca 
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and P constituents of the ash; the normal animals having 37.1 per cent Ca and 
17.5 per cent P, and the deficient animals 37.0 per cent Ca and 18.0 per cent P. 

Likewise, there is no change in the amount of Ca and P in the blood seram. 
Analyses of over thirty animals on all three experimental rations indicate a P 
content of 9.10 mgm./lOO cc. for controls, as compared to 9.51 mgm./lOO cc. for 
deficient animals; the Ca content is 11.87 mgm./lOO cc. as compared to 11.58 
mgm./lOO cc. for the M-1 and M-2 rations, and about 2 mgm./lOO cc. higher 
for the M-3, high Ca ration. 

Balance studies on paired fed animals show some impairment of phosphorus 
absorption in manganese-deficient animals, but it is questionable if this accounts 


TABLE 3 

Summary of bone studies 


"Z 

2 

1 

ACE 

-Mn 

-f.Mn 

1- 


Bone length 



Densit>' 

Bone length 

Dry bone 

Bone ash 

Density 


! days 

cm. 

ptr cent 

1 

per cent 

ash/cc. 

cm. 

per cent 

percent 

ashicc. 

M-l 

G7-80 


55.4 ±3.4 

58.3 ±3.2 



59.1 ±0.7 

02.3 ±0.0 

0.51 ±0.01 


1 Diff. 


-0.3% i 

-0.4% 

-17.0% 






82-129 

9 = 2.87 ±0.7 




9 = 3.00 ±.05 






(#• = 2.87 ±0.0 

58.3 ±3.0 

01.1 ±1.4 

0.47 ±0.04 

cf = 3.51 ±0.12 

04.2 ±0.7 

M.O ±0.5 

0.57 ± .02 


Diff. 


-9.2% 

-5.4% 







130 

9 = 3.17 




9 = 3.38 ±0.10 





anti j 

cf = 3.28 ± .04 

03.3 ±1.2 

03.4 ±0.8 

0.50 i .03 

cf=3.C5 

07.3 ±1.2 

00.1 ±0.5 

0.05 ± .02 


over 







i 



Diff. 


-5.9% 

j -4.1% 

-13.8% 


1 



M-2 ' 

82-129' 

9 = 3.29 


1 

1 


9 = 3.30 





] 

cf = 3.41 

04.7 ±2.0 

03.2 ±1.0 


cf = 3.83 

00,7 ±0.7 

05.2 ±0.4 

0.00 ± .00 


j Diff. 


-3.0% 

-3.1% 

-13.0% 


1 





9 = 3.20 =fc0.13 




9 = 3.40 





; and 

cT “ 3,55 

03.8 ±0.7 

03.3 ±0.7 


cf = 3.95 

07.0 ±1.2 

05.8 ±0.0 

0.00 ± .03 


over 



i 

! 






1 Difi. 1 

1 


—5.0% 

-3.8% 

-12.1% 





M-3 

1 130 

9 = 2.91 




9 = 3.42 





I and 

cf = 3.15 

02.9 ±1.0 

; 03.3 ±0.5 


cT — 3.75 

09.8 ±0.0 

00.0 ±0.5 

0.70 ± .03 


; over 










1 Diff. 

1 

-9.9% 

! —5.0% 

-21.4% 






for the more severe symptoms evidenced on a high Ca/P diet — the absorption 
that does take place appears more than sufficient as noted by the amount of 
urinarj" P excretion, and body retention. The differences obtained are too small 
to claim a lack of phosphorus as the cause of impaired growth. Possibly the 
altered ration interferes somewhat with absorption of manganese in the intestinal 
tract, as has been reported in the ca.se of iron (18). 

Pliospltafase. In view of the changes obtained in the bone, and the phos- 
phatase work reported on chicks, a study of phosphatase activity in the rat was 
undertaken. Using the method of Bodansky (19), the activities of 0.1 cc. of 
pla-sma and 0.2 cc. of a .suspension containing 5 per cent of bone (femur) in water 
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was measured. Activity was based on phosphatase units, expressed as milli- 
grams of phosphorus (20) liberated in 1 hour at 37.5°C. from a sodium glycero 
phosphate solution buffered at a slightly alkaline pH. Values based on units 
per gram of green bone, and 10 cc. of plasma are given in table J. 

Contraiy to the findings in chicks, the manganese deficient rats showed an 
increased phosphatase acti\nty in the blood, although a slightly diminished 


TABLE 4 

Blood and bone phosphatase 


1 

— Mn 

-t-Mn 

HATION 

Sex 

Phosphatase activity 

1 Sex 

Phosphatase activity 


Blood 

Bone 

Blood 

Bone 


Age; 115 (la 3 ’s 




iinils/10 cc. 

tinils/gram 


units/10 cc. 

iiuits/grant 

M-1 

9 

13.7 


9 

6.8 



cf 

20.2 


9 

6.8 

19.25 


9 

23.9 

9.57 




1 

i 

o’ 

19.5 

9.39 


1 


. AI-2 

9 

15.8 

17.59 

9 

12.9 

14.54 


9 

15.3 

18.11 




M-S 

o’ 

18.2 

G.51 

9 

5.6 

11.18 


9 


13.56 




1 

Average 

18.1 ±2.7 

12.46 ±3.97 


8.0 ±2.4 

14.99 ±2.83 

Diff. from normal 



i 



per cent. . . 


j -1-125 

! 





Age: 150 daj's 


M-1 

M~2 

M-3 

9 

9 

cT 

o’ 

9 

1 

7.69 

13.10 

10.43 

10.49 


6,^5 

5.7 

5A 

o.G 

5,G 

22.05 

12.51 

11.56 

9.02 

17.81 

Average 

1 — — 

1 9.4 ±1.5 

! i 

10. ,50 ±1.15 

■ 

5.6 ±0.3 

14.60 ±1.28 

Diff. from normal 
per cent 

4-68 

-28 

I 




acthdty in the bone. This latter finding, howe\-er, cannot be termed significant, 
due to the wide range of activities noted in various samples, and the overlapping 
of results. It Avould appear that, there is no change in the fihosphatasc of 
the bone. 

The higher value.s obtained in the blood of younger deficient rats is ])robal>ly 
an expre-ssion of the retarded development of these animals— -very young rats 
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have a much higher phosphatase in the blood than older ones. The weakness 
of the bone, too, maj^ cause a leakage of phosphatase into the blood as is Ijelievcd 
to occur in rickets. 

Hemoglobin. With the general weakness observed in the bones of deficient 
animals one might suspect some interference vuth the fonuation of hemoglobin 
which takes place in this organ. Studies made on the blood of rats at different 
ages do indicate a gradually increasing difference between the values obtained 
for the deficient animals as compared to the controls. These results are sum- 
marized in table 5. In an attempt to determine if these differences are caused 
by some disruption in the production of hemoglobin, regeneration studies were 
also carried out. This was done on paired fed animals by removing an amount 
of blood approximately 25 per cent of the total (considered to be 10 per cent of 
the body weight) . The findings reported in table 6 seem to indicate some trouble 
in this respect, in manganese-deficient animals. 


TABLE 5 

Hb values at different ages 


AGE 

+ Mn 

-;Mn 

DIFFEE- 

ENCE 

Number 

of 

animals 

1 

Hcmoslobin 

Number 

of 

animals 

1 

Hemoglobin 

•wks. 


sramsiper cent 


zramsiper cent 


5 

4 

13. .55 (13.2-13.8) 


12.56 (11.6-13.6) 

-0.99 

G 

10 

14.24 (13.8-15.2) 


13.06 (12.0-14.4) 

-1.08 

9 

7 

14.71 (13.3-16.7) 


13.41 (12.2-14.2) 

-1.30 

10 

8 

15.23 (14.6-16.3) 

8 

14.17 (12.3-14.9) 

-1.06 

12 

6 

15.43 (14.7-15.9) 

6 

13.40 (11.8-14.4) 

-2.03 

15 

5 

15.63 (15.2-16.1) 

8 

14.03 (13.7-14.6) 

-1.60 

19 

6 

15.38 (14.6-15.9) 

8 

12.71 (11.2-13.7) 

-2.67 


Pituiiary studies. Orent and McCollum in early Avork on manganese deficiency 
in rats mentioned a possible relationship of Mn to pituitary function. 

If manganese does play such a role in the body it would probablj' be in one or 
both of two functions; the •production of the liorrnones, and/or the ju'oper 
utilization of the hormones after .secretion. If manganese is im^olved onb'’ in 
the production, then injections of suitable extracts of the jjituitarj’^ should result 
in elimination of manganese-deficiency .symptoms. As the manganese content 
of the pituitarj' is around 4 or by per gram, and water extracts contain only a 
slightly detectable quantity, contamination with manganese by means of small 
injections is negligible. 

Suitable extracts of pituitary gland were made bj" homogenizing one part of 
minced, frozen sheep anterior pituitary gland with 2 parts of water and allowing 
the .suspension to autol.yze for two days at, C’Ch The grounrl tissue was t.hen 
centrifuged down, and the semi-clear water ext ract sei)aratcd. 

The animals u.sed in the.se studies were all over 100 days old, and had exhibited 
signs of plateauing in weight for several weeks. Injections of the extract were 
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TABLE 6 


Hemoglobin regeneration — -paired feeding 





+ Mn 





-Mn 


AVERAGE 












WEEKLY FOOD 







Hemo- 



1 


Hemo- 


Sex 

Age 

Wt. 

Hemo- 

Blood 

globin 

IVt. 

Hemo- 

Blood 

globin 


globin 

removed ‘ 

regener- 

globin 

removed 

regener- 








ated 





ated 



days 

gm. 

£tn./100 

cc» 

cc. 

per 

cent 

gm,/100 

cc. 

gtn. 

gm./lOO 

cc. 

CC, 

per 

cent 

gfn.jlOO 

cc. 

37.6 

9 

66 

137 

15.79 

3.5 

23.6 


120 

12.64 

2.8 

22.8 






11.83 



-3.96 


10.09 



-2.55 



73 

148 

14.67 



+2.84 

124 

12.76 



+2.67 



80 

156 

15.68 


i 

+3.85 

122 

12.21 



+2.12 



100 

171 

16.57 

4.8 

27.4 


136 

12.06 

3.6 

25.5 






12.14 



-4.43 


9.57 



-2.49 



114 

169 

15.25 



+3.11 

133 

12.91 



+2.34 



121 

170 

16.69 



+4.55 

137 

13.23 



+3.66 

39.3 

9 

66 

154 

14.97 

3.8 

24.6 


141 

15.05 

3.1 

22.0 

-2.84 





11.98 



-2.99 


12.21 






73 

155 

14.86 



+2.68 

143 

13.11 



+0.90 



80 

163 

15.17 



+3.15 

144 

14.16 



+1.95 



100 

172 

16.22 

5.2 

29.0 


153 

14.78 

3.8 

24.8 






11.71 



-4.51 


11.37 



-3.41 



114 

172 

15.17 



+3.46 

147 

13.77 



+2.40 



121 

178 

16.57 

i 



+4.86 

142 

14.16 



+2.79 

34.0 

cf 

66 

116 

15.68 

2.8 

22.8 


102 









11.48 



-4.20 








73 

121 

11.28 



-0.20 

no 







80 

118 

14.28 



+2.80 

114 

14.47 






100 

166 

14.28 

4.6 

27.4 


125 

14.78 

3.1 

24.8 






10.43 



-3.85 


10.89 



-3.89 



114 

169 

13.97 



+3.54 

116 

13.89 



+3.00 



121 

168 ! 

15.60 



+5.17 

107 

12.84 



+1.95 

36.6 

9 

66 

no 

15.17 

2.7 

22.5 

! 

95 

13.77 

2.3 







11.50 



-3.67 


10.66 



-3.11 



73 

117 

14.28 



+2.78 

101 

12.64 



+1.98 



80 

127 

15.68 



+4.18 

104 

13,89 



+3.23 



100 

150 

16.80 

3.6 

24.6 

! 

115 

33.97 

2.2 







13.24 



-3.56 


10.81 



-3.16 



114 

140 

15.91 



+2.67 

lOS 

9.26 



-1.55 



121 

139 

15.91 



+2.67 

109 

10.81 



+0.0 

Avbrages 


66 


15.40 

3.2 

23.4 



13.82 

2.7 

22.6 






11.70 



-3.70 


10.99 



-2.83 



73 


13.77 



laa 


12.84 



+1.85 



80 


15.20 





13.42 



+2.43 



100 


15.97 

4.6 

27.1 



13.90 

3.2 

23.8 






11.88 





30.66 



-3.24 



114 


15.08 



+3.20 


12.46 



+1.80 



121 


16.19 



+4.31 


12.76 



+2.10 
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made subcutaneously in 0.25 cc. amounts, and Avere given regularly through the 
dosage period. Exemplary responses to these injections are shown in figure 2, 
along with a short control experiment. Wecklj’- food consumption values are 
also given. 

The effective weight increment is defined as the measured increase in weight 
over that which would be expected from the naturall 3 ’' exhibited growth of the 
animal as obsen^ed in a several weeks’ preliminary period. 

Effects noted above could not be attriljuted to adrenotropic action of the 
pituitar}' extract, as injections of 8.5 cc. of Adrenal Cortex Extract (Upjohn) - 
over a ten daj" period in one manganese-deficient rat failed to cause change in 
weight or food consumption. 

Discussion. In the case of manganese deficiencj^ from the work reported 
here, and bj' others, the following positive facts are known for the rat. 

1. In a mild deficiencj' growth is nomal but the oestrous cj’^cle of female rats 
is interfered with, and testicular degeneration occurs in males. 

2. In a more severe manganese-deficiencj’’ the animals show definite^ im- 
paired grovrfh, signs of emaciation, weakness of the limbs, poor hair coat and 
some nervousn&ss. 

3. Analj'sos of the bones indicate poorer bone fonnation in the deficient 
animal. 

4. A slight decrease in the hemoglobin concentration of the blood Ls evidenced, 
and some interference with hemoglobin regeneration. 

5. Contrary' to the work vith chicks an increase is noted in senini phos- 
phatase. 

6. The liver arginase activiU' Is definitel}' decreased in the deficient animal. 

7. A more aggravated deficienc.y maj' be obtained bj’^ raising the Ca/P ratio 
of the ration; a slightlj' decreased ab.sorption of P is noted in the deficient animals. 

8. In a limited number of cases injections of extracts of sheep anterior pituitaiy 
gland have resulted in a slight initial increase in weight, not obtained with 
succeeding injections. 

Is egativeV there has been .shown ; 

1. No difference in basal metabolic rate between normal and iMn deficient 
rats. 

2. No gi'oss differences obseiwed in nitrogen absorption or excretion. 

3. Bone phosphatase activity is unchanged in the rat (though lower in the 
chick). 

4. No histological abnormalities detected in adrenal, kidnej^ pituitaiy and 
thjwoid of manganese-deficient rats. 

To the above might be added the in vitro studies linking manganese to se^^eral 
enzj'mes sj'stems as a non-.specific activatoi-. 

It appears evident from the data available that manganese functions in some 
r61e affecting the well-being of the entire liod.y. Decreased food con.sumption 
evidently cannot be blamed for the re.sults noted, as all findings were checked on 
paired fed animals. No one outstanding s.vmplon as j'et has been discovered. 
Lack of growth and impaired bone formation maj' lie correlated; likewise trouble 
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Y-ith the bone may result in increased blood phosphatase (as in rickets) and 
deficient hemoglobin regeneration, and slight anemia. The effect on liver 
arginase has been noted, too, in cases of protein deficiency or impaired meta- 
bolism (21). 

The possibility of manganese functioning in some connection Y'ith the pituitary 
gland has iDeen offered. The role of the pituitary in reproduction and groY’th is 
generally known. On removing the gland a cessation of grovTli occurs which is 
localized in the growing epiphyseal cartilage (22). Hypophysectomy also has 
been shown (23) to cause a slight drop in the hemoglobin value; a decrease has 
been reported, too, (24) in liver arginase activity. A correlation between a 
manganese-deficiency and these findings is e^’ident. 

SUMMARY 

1 . Synthetic rations Avith varying Ca/P ratios Avere made AAfiiich Avould provide 
only 57 per day of manganese. 

2. Rats raised on the experimental rations exhiljited impaired groAvth, more 
pronounced in cases Avhere a high Ca/P ratio Avas present. 

3. Manganese deficient rats had poorer bone formation, aA'eraging about 5 
per cent less ash, and 15 per cent less ash per unit A^olume; Ca and P constituents 
of the ash AA’ere unchanged. 

4. A slight progressive anemia Avas noted in the deficient animals, AAuth values 
averaging about 2 grams per 100 cc. of blood below normal. Hemoglobin 
regeneration A\^as decreased. 

5. Paired feeding trials shoAA'ed the same differences in groAA^th, bone, and 
hemoglobin as in animals fed ad lib. 

6. No differences in bone phosphatases AA-ere found, but a tAvo to three-fold 
increase in blood serum phosphatase A\'as present. 

7. V allies for Ca and P of the blood Avere normal, though a slight decrease in P 
absorption AA'as noted in deficient animals. 

8. No differences could l^e found in nitrogen metalDolism or basal metabolic 
rate. 

9. Anterior pituitaiy extracts haA^e been .sIioaati to haA'^e some effect in stimu- 
lating grOAAdh of deficient animals for a short period. 
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Acuity ounces for periplieral vision are well known, those of Wertheim (3) 
and Koester (1) being frequently reproduced. Since their findings nearly fifty 
3 'ears ago the subject has been investigated by numerous workers whose results 
have been reviewed by Traquair (2) who lists the data of some 28 investigations 
by 11 workers. Although their methods were essentially the same the results 
diffei’ed considerabl 3 \ Not a great many subjects were examined. This sug- 
gested a more or less wide variation of peripheral visual acuity under normal 
conditions. Therefore this investigation undertook the development of a 
suitable test for peripheral visual acuity and the testing of a sufficient number of 
individuals to determine the extent of the suspected variation. 

Apparatus. Tests were run on a 25 cm. perimeter (American Optical 
Company — AO 460). The follovdng apparatus was built: 

1. Illwninator, A 60 w. Mazda dajdight lamp was fixed on the locus of all 
points equidistant from points along the perimeter arms, 25 cm. from the sub- 
ject’s ej'e. The light turned with the perimeter arms. The subject’s eye was 
protected from glare by a shade. A 75 mm. square of white bristol board was 
attached to the rod supporting the lamp, near the bulb, placed so as to throw 
diffused light toward the e 5 ''e being tested. 

2. Target carrier. A carrier for the targets was made of 3 thicknesses of 
bristol board with the following dimensions: (a) front card; 75 mm. sq., 55 mm. 
cutout in center; faced with idiotographic paper; (b) middle card; 75 mm. sq., 
on three sides; all sides 5 mm. wide; built up with photographic paper for thick- 
ness; (c) back card; 75 mm. sq. ; screw head in center flush with card; semicircular 
cutout of 10 mm. radius in middle of top edge. The carrier was fastened to 
the test object carriage so that it would revolve freely around its center. 

3. Targets and test objects. The targets of bristol board and photogi’aphic 
paper were cut 64 by 69 mm. to fit in the carrier. The test objects were Landolt 
Broken Circles (diameter equals five times v-idth of line equals width of break) 
photographed and printed on the targets in the following sizes; width of break 
in mm. i 1, 1^, 2, 2|, 3, 4, 5, 6, 7, 8, 9, 10. The center of the test object coin- 
cided with the center of the carrier. 

4. Identification button. A circle (10 mm. radius) of white bristol board with 
a hole in the center was fitted on the button on wffiich the subject fixed his eye. 
The numbers I, II, III, IIII w-ere marked on.tlns circle in positions corresponding 

1 The cost of the statistical analyses here reported was met by the Smith Research Fund 
of the University of North Carolina. 
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to the points of the compass. The .subject referred these numbers to the four 
possible positions of the break in the test object, signaling with a buzzer. 

0 . Booth. Black, non-reflecting cloth was draped wherever the subject’s 
visual field extended. All visible apparatus except the carrier, target, and 
identification button were black. 

6. Blindfold. A one-eye blindfold Avas used to cover the eye not being tested. 

7. Operator. The operator wore a black lobe and black gloves. He was 
equipped vdth a black paddle large enough to conceal the carrier during changes. 

Procedure. Nine points on the temporal periphery of each eyeAvere tested 
on meridians 45 degrees apait. The folloAA'ing points AA'ere tested on the 
meridians and angular deviations indicated: out 30°, G0°, 90°; doAvn and out 
30°, 60°, 90°; doAA'n 30°, up 30°, and up and out 30°, in the order mentioned. 
With the room blacked out except for the illuminator on the instrument, the 
subject AA'as seated at the perimeter and a large .size target AA'as inserted in the 
carrier set at the first point to be tested. It Avas adjusted in one of the four 
possible positions AA'hile cOA^ered Avith a black paddle and then reA'ealed to the 
subject Avho signalled an answer. If the .subject could not tell he AA'as made to 
guess. The target AA'as coA^ered again and the position of the break changed. 
This procedure AA’as repeated until the subject got four consecutwe correct 
ansAA’ers, or tAA’o misses (not necessarily consecutwe). WTien the subject suc- 
ceeded the ne.xt smallest size te.st object AA'as used. This Avas continued until 
the subject failed. The smallest test object successfully identified Avas scored, 
irsing the AA’idth of the break of the test object in millimeters to denote the score. 
During identification the eye not being tested was blacked out. Fixation AA’as 
checked bj*' AA’atching the subject’s CA'e. 

For purposes of correlation the peripheral test AA’as preceded bA^ a standard 
test for central acuit}" (Snellen illuminated chart — metric measurement) and 
the Ishihara color test. The Avheel test for astigmatism was giA’^en on the 
uncorrected eye. Age and sex were recorded. 

One hundred subjects selected at random AA-ere tested as described aboAm. 
The peripheral test teok from 40-60 minutes. The left eye AA’as ahA^ays tested 
fii-st, the subject resting about 5 minutes betAA’een eyes. TAA’enty of the original 
group AA'ere retested under identical conditions after a lapse of about 2 to 3 
months. 

Results. It AA'as found that the peripheral acuitj’- AA’as so AA'eak at the 90° 
points that from 89-94 of the 100 subjects could not identif}’- the largest target 
used (10 mm.). These points AA'ere discarded in calculation of the total score 
of each indiA'idual, regardless of perfonnance. Since the score recorded aa’us the 
size of the break of the smallest test object correctly identified, the actual 
acuity laA' someAA'here betAA'een that A'alue and the next smallest size. The 
midpoint betAveen the tAA'o AA'as chosen as being presumably more accurate. 
I’he sum of the individual scores for 14 points A\’a.s chosen as the total score for 
that indiA’idual. The smaller the A'alue the Ijetter AA'as the acuity. Therefore 
the reciprocal of this figure Avas chosen as the value from Avhich percentages Avere 
calculated. 
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The means and standard de^dations for the group of 100 are shovm in the 
black boxes of figure 1. Among the 100 subjects there were 30 who would have 
qualified as aviation cadets on the basis of age, sex, and visual requirements. 
They were males 18 to 27 3 *ears of age inclusive, with normal or better central 
vision, normal color vision, and no astigmatism. Their means and standard 
deviations are shovm in the white boxes in figure 1. As a whole their scores 
were better but the degree of variation among individuals, wliich the height of 
the standard deviation box indicates in contracted form, is nearlj^ as great as 
that of the whole group. On the basis of total scores the 2nd and 99th in degree 
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Fig. 1. Graphical representation of means (averages) and standard deviations of periph- 
eral visual acuity. Boxes show limits of standard deviations, cross bars are means. Black 
bo.xes are total group of 100. White boxes are selected group of 30 (males lS-27 inch, normal 
or better central acuity, normal color vision, no astigmatism). 

of peripheral acuity were members of this selected group of 30. The actual 
spread of the total scores of both groups is recorded in table 1. In the group of 
100 the reciprocal of the average score was arbitrarih' chosen to represent 100 
per cent and the value for each individual or group expressed bj-’ a comparative 
percentage. In the test-retest group of 20 indi\dduals the original score, indi- 
vidual or group average, was regarded as 100 per cent and the second score 
expressed in comparative percentage. Of this group the best subject improved 
about 50 per cent and the worst declined 8 per cent. 

Table 2 .shows the relationship of peripheral visual acuity to other measured 
data. j\Ien scored 1 1 per cent better than women. The varjdng average scores 





86 


PRANK N. LOW 


for the different age groups show that there is not necessaiily a diminution \\'ith 
advancing years. The eight color blind individuals were 8 per cent below par. 
The deficiency is somewhat minimized because the best subject, scoring 364 per 
cent, was a member of this group. 


TABLE 1 

Averages and actual limits; iesl-retest scores 


CHOUP 

100 

BEST 

WORST 

SELECTED 

30* 

BEST 

WOE ST 

20 TEST-EETEST 

First 

Second 

Score 

47.90 

0.02088 

100 

13.16 

0.07599 

364 

110.90 

0.00902 

43 

41.66 

0.02400 

115 

22.81 

0.04384 

210 

92.20 

0.01085 

.52 

50.07 

0.01997 

100 

42.17 

0.02.371 

116 

Reciprocal 

Percentage 


* Males 18-27 yrs. old inclusive, normal or better central vision, normal color vision, 
no astigmatism. 


TABLE 2 

Correlation of 'perijiheral visual acuity scores with other data 


GEOtn* 

j 

SEX 

ACE 

COLOR 

VISION 

Males 
No. = 87 

Females 

13 

17-20 

13 

20-29 

67 

30-39 

13 

40-70 

7 

Color 

blind 

8* 

Score 

47.16 

52.88 

41.58 

49.21 

48.62 

45.82 

51.86 

Reciprocal 

0.02120 

0.01891 

0.02405 

0.02032 

0.02057 

0.02182 

0.01928 

Percentage 

102 

91 

115 

97 

99 

105 

92 


* All male; 7 red-green type, 1 unclassified (blue green?). 


' TABLE .3 

Correlation of central acuity with peripheral acuity in 200 eyes 


CEOUT 

200 

KO. = 92 

19 

19 

10 

9 

12 

12 

4 

23 

6/S 

6/6 

6/7A 

6/10 

6/12 

6/15 

6/20 

6/30 

6/60* 

Score 

23.95 

21.. 58 

20.63 

26.61 

25 . .53 

21.94 

26.22 

28.98 

25.73 

29.93 

Reciprocal . . 

0.04175 

0.04633 

0.04853 

0.0.3757 

0.0.3917 

0.04.558 

0.03822 

0.03451 

0.0.3887 

0.03841 

Percentage.. 

100 

111 

116 

90 

94 

109 

92 

83 

93 

SO 


* Some eyes weaker than 6/60. 


Table 3 .shows the relation of peripheral to central acuity. The same method 
of comparative percentages has been used but was calculated for each ej'^e 
separately. The degree of correlation between the two valu&s (Pearson product- 
moment correlation) was found to be po.sitive at 0.38, a figure too low to yield 
anj' practical reciprocal predictive value. 

Discussion. Tlie variation of peripheral visual acuit 3 ^ among individuals 
was found to be even greater than anticipated. Table 1 shows the best subject 
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to possess peripheral acuity about 3| times that of noimal and about 8| times 
that of the weakest subject. 

The relative average acuity for each point as noted in figure 1 agrees in the 
main with the cuiwes of Wertheim (3). The actual variation of acuity for each 
indi^ddual point is of course greater than the limits of the standard deviation 
boxes. For example, on the up 30° point, the smallest test object identified was 
size 1, while 2 of the subjects could not identify size 10, the largest used. On 
each 60° point some individuals failed on size 10. 

It is notable that the variation of the acuity for an.y point increased as the 
acuity itself decreased. This is illustrated by the fact that the higher the mean 
m figure 1, the larger the standard deviation box. 

The data reported in table 3 indicate that central acuity is not a reliable indi- 
cator of peripheral visual acuity. This is in accord with the fact that the focus- 
ing power of the lens, which is largeh’’ responsible for central acuity, hardly 
functions at all beyond 30° from the line of vision. Also the failure of peripheral 
vi.sion to decline regulai’lj’^ with advancing age as indicated in table 2 is under- 
standable, since the decline in central vision is due to lens changes. The lack 
of high grade positive correlation between peripheral visual acuity and other 
measured factors seems to justify the statement that peripheral visual acuity 
is an independent visual function. 

Especially interesting is the result of the test-retest experiment on 20 subjects. 
This technique was intended for use as a check on the reliability of the test, but 
the subjects, vnth veiy few exceptions, did better on the retest. Despite this 
improvement the scores for the two e3’'es of anj'^ one individual remained veiy 
close together. It was decided to check the reliability of the test on the assump- 
tion that, for anj'^ one subject, the score of one eye ought to be exactl}* the same 
as the score of the other. Calculation on this basis (Pearson product-moment 
correlation, corrected bj" Spearman-Brown formula) jfielded a reliability of 0.91, 
a figure well within the allowable limits of variation for such a test. The im- 
provement on the test-retest technique Avas interpreted to be bona fide improve- 
ment in peripheral acuity due to the practice afforded during the tAvo tests, each 
of AAdiich lasted 40 to 60 minutes. This interpretation is supported bj’" the fact 
that the right eye, Avhich AA^as alAA'ays the second tested, scored better than the 
left. In a series of tests (not reported here) in AAfiiich the order of testing the 
ej’^es Avas reversed, the second ej’^e tested (left) shoAA-ed better scores than the first. 
These indications that simple practice can train j^eripheral acuity are the basis 
of further investigations now in progress. 

SUMMARY 

1. A neAV test for peripheral Ausual acuity is described. 

2. One hundred subjects haA^e been tested. 

3. Peripheral A'isual acuity is a veiy variable A’alue, the total scores running 
from 43 per cent to 364 per cent of the aA’^erage for the AA^hole group. 

4. Peripheral A’isual acuity is an independent A-isual function. 
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5. The weaker the peripheral visual acuitj' for an}’- point the greater is the 
variation for that point. 

6. The collected evidence indicates that peripheral ^^sual acuity can be 
trained. 

The author expresses his thanks to Cecil Woo-ten, .Jr., a medical student, for 
valuable assistance in the development of the technique and the testing pro- 
cedure. Acknowledgment is made to the Department of Physiology' for the use 
of apparatus. 
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Although the earl}’' literature on experimental obesity abounds in reports 
claiming the production of obesity after various operative procedures on the 
hjTiophysis of several species, few research workers in recent 5 ’'ears have stressed 
the importance of hj^iophysial damage as the actual cause of the syndrome in 
laboratory animals. In all probability, the obseived outcome of the early ex- 
periments was the result of coincidental injury to the tuber cinereum. At any 
rate, it is certainl}’' tme that during the last 20 years numerous workers have 
removed the hj^Dophysis in whole or in part from large numbers of animals with- 
out inducing adiposity. (Brown, 1923; Smith, 1930; AVhite, 1933; McPhail, 
1935; Lee and Ayres, 1936; Reiss, Epstein and Gothe, 1937 ; Dandy and Reichert, 
1938; Phillips and Gilder, 1940; Winternitz and Waters, 1940; Hetherington and 
Weil, 1940; Hart and Magiday, 1941.) As Newburgh (1942) has hinted, there 
maj’’ indeed be no such disorder as hj^iophysial obesity — or if there is, there has 
been no convincing demonstration of it. Sevringhaus (1940) likewise seems 
inclined to this opinion, at least insofar as the so-called “hypopituitary” forms 
are concerned. 

Previous work from this laboratory (Hetherington and Ranson, 1940) having 
demonstrated that a liigh degree of obesity can invariably be obtained in rats by 
the making of certain bilateral hypothalamic lesions, an attempt was later made 
to deteiTnine whether the hypothalamic destruction produced its effect through 
the hypophysis. Such a situation, even though it placed the h 3 TJophysis in a 
subordinate role, would still vindicate partially the view that dysfunction of the 
pituitary may co-operate to bring about the obesity. It was found (Hethering- 
ton and Ranson, 1942) that total hypophysectomy one week after the making of 
the hjTDothalamic lesions did not in any way impede the appearance of the adi- 
posity, which was as pronounced as in cases with intact hypophyses. Hj’potha- 
lamic lesions, therefore, do not cause excessive fat deposition by inducing some 
pathological imbalance of hypophysial secretions. One last possibility was 
evident; The disordered hypothalamic mechanism leading to obesity might be 
unable to exercise its influence in tissues which had undergone all the metabolic 
changes succeeding hypophysectomy and the thyroid and adrenal atrophy conse- 
quent thereto. On this supposition it was decided to repeat the experiment, 
using animals already long in a hypopituitary state before the making of the 
h 3 q)othalamic lesions. 

Accordingly, a number of young male and female sLx-weeks-old rats were 

1 Aided by a grant from tlie Committee on Research in Endocrinology of the Ivational 
Research Council. 
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hypophysectomized and obseived and weighed at inten^als for a period of 75 to 
80 days. This is considerably longer than the inter^’’al required, according to 
Smith (1930) and Crooke and Gilmour (1938), for the attainment of maximum 
atroph}^ in the thjToids, adrenals, and gonads. If at the end of that time little 
or no increase in the body weight of the hjqjophysectomized rat had occurred, the 
gland ablation was assumed to be complete, and the rat was selected for the sub- 
sequent expeiiment. The hjqiothalamic lesions known to produce adiposis in 
the rat were made by a method which has already been described elsewhere 
(Clark, 1939; Hetherington and Ranson, 1940). Not including a number which 
died ver}’- shortly after the second operation (the hjqjophysectomized rat does not 
tolerate severe operative procedures veiy well), a total of 10 doubly operated 
animals was obtained. Several hypophysectomized and unoperated littermate 
controls were presented. Aside from initial staj’^s in a warm (28°C.) incubator 
and careful nursing the doubly operated animals were kept under the same con- 
ditions as our ordinary operated rats. 

With the exception of two which died unexpectedly about two months after 
the second operation the rats were kept alive about 1 1 weeks. At the end of the 
expeiiment all the rest were anesthetized and measured, and then killed bj' de- 
capitation. The base of the brain and the sella were sectioned together, stained 
with a combination of cre-sj'! violet and eosin, and examined for remnants of 
h 3 pophysial tissue. The .sphenoid bone surrounding the original aperture made 
for hxpophj'sectomj”, together with some of the soft ti.ssue ventral to it, was also 
preser\^ed, decalcified, and studied hi.stologicalto. 

All the ages, post-operative times, initial weights, weight increases, and body 
lengths of the rats are sho\\n in table 1. As maj’’ be seen none of the h^pophj*- 
sectomized rats showed am" signs of putting on excessive weight during the 74 to 
83 daj^s following hjpophj'sectomj'. T\Tien, however, the 10 hjpophj'sectomized 
rats subsequentlj" received h\'pothalamic lesions the}" then became ven* fat. 
This obesity began to be quite apparent in most cases in a matter of 3 to 4 
weeks, though a renewed tendency to gain weight rapidly was evident in all even 
before this time — as soon, in fact, as recover}' from the second operation passed 
beyond the acute stage. The ratios of the cube roots of the animals’ body 
weights in grams to their body lengths in centimeters (Lee, 1929) reveal that 
these rats became relatively just as fat as other animals pre\"iously reported, both 
those not hypophysectomized, and those topophysectomized after placement of 
hypothalamic lesions. The ratios of the rats which were only h}pophysectomized 
fall well within the range for normal rats; they u-sually, of course, display some 
decline in the size of the ratio from the pre-lnpophysectomy level because of 
their loss of weight during the early .stages. 

The obese rats became rather irritable and unmanageable after the .second 
operation, in marked contrast to their earlier pliant, submissive behavior after 
Inpophysectomy. They retained, however, their soft white hair, though this 
in many instance.s became somewhat sparser. They did not display any tend- 
ency to resume skeletal growth. At autopsy the gonads, adrenals, and thyroid 
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were of course very small; no attempt was made to weigh these, or examine them 
histologicalbE There were in these obese dwarfs the usual large deposits of fat 
in all the normal depots which are seen in ordinaiy rats displaying hjqjothalamic 
obesity. 

In the hght of tliis evidence it seems altogether unlikely that the hypophj’-sis 
ma3" be considered to pla3’ am* role of importance, either of an inhibitory or an 
augmentative nature, in hypothalamic obesit}’’. Not onl^' does removal of the 
hj'pophj’-sis during the period of onset of the disorder fail to lialk the excessive fat 
deposition, but even the pre-existence of a state of full-blown hypopituitarism 

TABLE 1 


Data on hypophyseclomized rats in which hypothalamic lesions were made, and on their hypo- 

physcclomizcd and normal littermate controls 


RAT NO. 

TYPE or 
OPERATION 

HYPOPHYSECTOMY 

HYPOTHALAMIC LESIONS 
MADE 

AxrropSY 

Age 

Weight 

Nose- 

anus 

length 

-Age 

Weight 

Nose- 

anus 

length 

Age 

Weight 

Nose- 

anus 

length 

wbi. 



days 

srams 

cm. 

days 

grams 

cm. 

days 

grams 

cm. 


Rd-lOcT 

Pit.’ 

42 

143 

1S.4 




192 

140 

18.7 

0.277 

Rd-20cf 

Pit. and Lcs. 

42 

142 

IS.O 

122 

155 

18.3 

191 

251 

18.2 

0.347 

Rd-21cf’ 

Pit. and Les. 

42 

132 

17.7 

122 

140 

18.1 

191 

274 

18.3 

0.356 

Rd-229 

Pit. and Lcs. 

42 , 

130 

17.7 

122 

130 

17.7 

191 

283 

17.9 

0.365 

Rd-239 

Pit. and Les. 

42 

124 

17.3 

122 

121 

17.5 

179 

197 

17.4 

0.334 

Rd-24 9 

Pit. 

43 

125 

17.2 




192 

128 

17.5 

0.288 

Rd-259 

Pit. and Lcs. 

43 . 

121 

17.0 

122 

133 

17.4 

191 

252 

17.0 

0.359 

Rd-2fi9 

Pit. and Les. 

43 

115 

17.3 

126 

112 

17.0 

191 

205 

17.2 

0.343 

Rd-279 

Normal 

43t 

not 

IG.St 




192 

285 

22.5 

0.292 

Rd-2Sd’ 

Pit. and Les.t 

42 

102 

19.2 

no 

177 

18.9 

186 

340 

20.3 

0.344t 

Rd-29cf 

Pit. and Lcs. 

42 

150 

1S.5 

116 

160 

18.0 

186 

265 

18.9 

0.339 

Rd-SOef 

Pit. and Lcs. 

43 

143 

1S.3 

119 

126 

18.1 

186 

265 

18.4 

0.349 

Rd-31d’ 

Pit. 

43 

143 

18.4 




187 

147 

18.8 

0.281 

Rd-32cf 

Pit. anJ Les. 

43 

139 

17.9 

120 

144 

18.2 

164 

212 

18.1 

0.329 

Rd-SSef 

Normal 

43t 

142 1 

lS.2t 




187 

485 

25.7 

0.305 


* “Pit.” indicates only a hypophysectomy was done. “Pit. and Les.” indicates a hypophysectomy was followed 
about 11 weeks later by the making of hypothalamic lesions. 

t This animal was normal. The data were taken at the time its litter mates were hypophysectomized. 
t A very small fragment of anterior lobe tissue was found in histological sections of the sella. 


does not interfere with appearance of the sjmdrome in just as marked a form as 
in rats in which the lij'^popltysis is intact. Animals in which both operations 
have been performed present a picture of obesit}’’ superimposed upon pituitaiy 
dwarfism. These facts, taken together with the finding that obesity does not 
ensue when all or part of the h3’'poph^^sis is removed vdthout damage to the over- 
bang brain, would appear to dispose of malfunction of the hjTDophj'sis as an 
explanation of the adiposity often associated with “pituitarj^ regional disease” 
(Sevringhaus). It is the lypothalamic disability which is solety responsible for 
the obese condition. 
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SUMMARY 

Ten rats h 3 ^pophysectomized and obsen'ed for periods of about 11 weeks 
showed no signs of developing obesity. Some/even after so long a time, had not 
even attained their preoperative weight; others had sui-passed it by a few grams 
onl\". The}’’ could be considered, therefore, to be in a state of chronic h^’-po- 
ph\'sial insufficiency. Itypothalamic lesions were then produced in these ani- 
mals b}^ the Hor.sle 3 ’’-Clarke technic. Within 3 to 4 weeks they began to di-splaj^ 
rapid fat deposition, and 11 weeks after the second operation the\' were markedly 
obase. This evidence .shows that the fat depots are .still able to store excess fat in 
re.sponse to hj’pothalamic damage even after the}’’ have .suffered the changes in 
tissue metabolism pre.sumed to be attendant upon h}'pophysectomy. Since 
neither total nor partial hypophyseetomy produces adipo-sity, or prevents its 
appearance after hy]Dothalamic damage is done, it is not likely the h}’pophysi.s 
is involved in the production of obesity often associated vdth injur}' to strac- 
tures in the pituitaiy region. , H}'pothalamic disorder appears to be the sole 
respon.sible factor, 
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A recent investigation of the inliibition produced by direct stimulation of 
the turtle’s atria (1) demonstrated the selective inhibiting effect of brief electric 
currents (condenser discharges or induction shocks) applied repetitively. Fur- 
ther experiments employing atropine and eserine gave strong support to the 
conclusion that the inhibition vas conditioned on the release of acetylcholine 
at vagus terminals. The ventricle which is not directly inhibited by the vagus 
was not inhibited bj’’ such direct stimulation. Within the range of intensities 
of current, emploj'ed in this previous investigation, e.g., a Harvard inductorium 
activated a J to 3 volt iirimaiy current, any effect resulting from a single 
shock was always excitatoiy. Since a single vagal volley has been proved to be 
effective both for the mammalian heart (2) (3) and the heart of the turtle (4) (5), 
it has seemed desirable to test the effect of stronger single shocks applied directl}' 
to the atria. 

Experimental. Turtles, 6-8 in. shell length, chief!}’’ Pseudem 3 ’s elegans, 
were used. The atria with attached sinus tissue were removed and the contrac- 
tions of the double-atrial preparation were recorded on a kymograph by means 
of a light isotonic lever. The arrangement was such that the tissue could be 
immersed in solutions as desired. Single break shocks from a Harvard induc- 
torium were applied by means of light flexible electrodes. In testing for inhibi- 
tion it was the usual procedure to apply a break shock during the refractory 
period since in this Avay a premature Ijeat and its accomi5an3'^ing compensatoiy 
pause were avoided and an}^ depression could be measured more accuratebL 

Proceeding thus, it was found that when current intensity was increased 
sufficient!}’' depression followed such single shocks. The inhibiting threshold 
for a single shock is much higher than for repetitive stimuli since these latter are 
summated and their effect is cumulative. With the Haiward inductorium em- 
plo 3 '^ed, it was necessaiy to increase the voltage of the primaiy current to 5 or 6 
volts before single shocks produced definite inhibition. This difference in 
threshold explains the previous inability to produce inhibition b}^ single shocks 
apjflied directl 3 L The depression is not an injuiy effect since within the range 
of stimuli emplo 3 ’^ed recoveiy was prompt and complete. 

At break shock values near the threshold for inhibition the depression was 
limited to decrease in amplitude (negative inotropic effect). AVith stronger 
shocks a negative chronotropic effect was added. These effects ai'e illustrated 
in figure 1, A, B and C. 

* Aided in part bj' a grant from the Hendricks Research Fund of Syracuse Universitj'. 
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The maximum reduction in strength was not immediate hut increased pro- 
gressively for two or more beats and then disappeared slowly, the total time of 
depression averaging between 30 seconds and 1 minute. In figure 2 a typical 



Pig. 1 . A, B and C. Inhibition following single break shocks. Harvard inductorium 
primary = G v. secondary coil at 0 cm., 8 cm., and G cm. Time = .5 sec. Signal indicates 
stimulation. 

D and E. Single break .shocks after atropinization. Primary G v.: secondary 2 cm. 
E. shows quickening after stimulation. Time = 5 .sec. 

F. Preparation previously immersed in 1-6000 solution of eserine chloride. Progressive 
diminution in frequenej' and amplitude after each single shock. Time = 5 sec. 


result has been plotted as percentage deprc.ssion against time. The amount of 
inhibition and its duration varied with the strength of stimulus and condition of 
the preparation but under similar conditions the cuives are remarkabb' uniform. 
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Cooling the preparation lengthened the time values of the curve and raised the 
tlu’eshold slightly. 

A supernormal phase, a conspicuous after-effect following inhibition produced 
by repetitive stimulation (6) did not appear after single shocks. It seems prob- 
able that the repetitive stimuli which cause inhibition simultaneously liberate an 
excitatoiy substance, e.g., adrenaline or sjmipathin, at sjnnpathetic endings. 
This persisC longer than the inhibitory substance and its effects appear after 
the inhibition has disappeared. The supernormal phase was more pronounced 
when inhibitory excitation was prolonged. Apparently a single shock did not 
cause the release of enough excitatoiy substance to outlast the depression, there- 
fore no supernormal phase appeared. 

To the extent that the above described inhibition is humoral, acetylcholine 
being liberated at vagus terminals, atropine should abolish it and eserine should 
potentiate or increase it. Proceeding to test these possibilities, atrial prepara- 
tions were atropinized either b 5 ' injecting the dmg shortly before removal of 
the atria or bj’- immersing the preparation in atropine-Ringer solution. As a 
result the inhibiting effect of single shocks was prevented or removed (fig. 1, D 



Fig. 2. Inhibitory effect of a single break shock plotted as per cent depression against 
time. Secondary = 8 cm. 

and E). Other than the compensatory pause which follows a premature beat, 
there was no slowing of the rhythm and no diminution of amplitude after induc- 
tion shocks well above the normal threshold for such effects. In some instances 
a brief quickening was obseived (fig. 1, E). This may have been due to the ex- 
citation of S3mpathetic endings bj'- the stimulus. 

According to SoUmann (7), eserine stimulates the frog’s heart muscle and 
antagonizes both the vagus and the effect of depressants. There was evidence 
of a similar effect on the turtle’s atria since preparations beat more rapidly and 
vigorous!}’' when immersed in strong solutions, e.g., 1-1000 eserine chloride in 
Ringer. Under such conditions the threshold for inhibition was raised. How- 
ever the main action of eserine was to prevent or dela}'" recoveiy from inhibition. 
This action was best demonstrated bj’’ appl^ung single inhibiting shocks at one 
or two minute inteiwals. Under these conditions there was incomplete recovery 
after each stimulus and the frequenc}’’ and amplitude of beat were depressed 
progressively until after a succession of strong shocks the lieat was completely 
arrested. Figure 1, F, illustrates these effects. The cumulative effect and 
arrest under eserine could be removed and the beat restored hy atropine. 

Incidentallj’^ it was noted that eserinized preparations were very sensitive to 
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inhibition by mechanical as "well as electrical stimuli. When animals were 
eseiinized previously, the procedure of removing and suspending the prepara- 
tion was usually sufficient to arrest the beat completely. This mechanically 
induced arrest could be removed and the beat restored b}’’ atropine. 

Discussion. An electric shock sent through an atrial preparation as de- 
scribed comes into excitation relations not only with the cardiac muscle itself 
but also with ganglion cells and with the fibers and teiminals of sjunpathetic 
and parasympathetic neiwes. It is the algebraic sum of these excitatorj’^ and 
inhibitoiy effects w'hich is recorded by the muscle. The experiments reported 
here show that when the stimulus reaches a sufficient inten-sity, the inhibiting 
effect predominates, the beat is .slowed and the amplitude dimini.shed. This 
depression could originate through several possible mechanisms. INIembrane 
potentials or membrane permeabilitj’^ could be altered. There could be actual 
change in the stmctural arrangement or chemistiy of the cjdopla.sm. Finally 
acetylcholine could be released at vagal terminals and this account for the 
obseiwed effect. The following facts strongly .support the latter conclusion. 
Atropinization prevents or eliminates the inhibition. The inhibition of both 
amplitude and frequency’’ of contraction is progressively cumulative after eserine. 
The threshold is raised and the time relations prolonged by cooling. The 
preparation recovers its previous frequency and force within a minute after 
the reception of the inhibitory stimulus. It is significant that when the ino- 
tropic effects of single electrical shocks are expressed as a time-depression cur\'e, 
its form is practically identical with tho.se which Gilson (8) plotted from single 
vagal volleys. Gilson found such curv'es to show considerable agreement with 
curves constructed from an equation expressing the diffusion and destniction 
of an as.sumed chemical substance. 

On the ba.sis of above evidence it seems possible to conclude that a single shock 
of sufficient .strength releases a humoral substance in quantity sufficient to over- 
come excitatory effects and depress both amplitude and frequency. A .short 
time is required for the humor to reach maximum concentration at effective 
points and it is more slowly destroj’-ed. Experiments emploj'ing atropine and 
eserine as well as the close con-espondence to effects of single vagal volleys give 
strong support to the conclusion that acetylcholine released at vagus terminals 
is the inhibiting agent. The finding that no inhibition can be demonstrated 
when the ventricle or ventricular strips are similarly stimulated may be cited 
as indirect evidence for the above conclusion since Garrey and Chastain (9) 
showed that the ventricle which receives no vagus fibers is not affected by 
acetylcholine. 


SUMMARY 

Inhibition of the turtle’s atria may be produced by the direct application of 
single brief electrical .shocks provided they are of .sufficient intensity. The 
thre.shold for such effects is comparatively high, lying much above the intensity 
necessarj' for excitation. The difference between the relative effectiveness of 
repetitive and single .shocks lies mainly in the high threshold for the latter. 
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It requires a short time for the depressiou to reach its maximum. It then 
slowly disappears. 

The prevention of the inhibition by atropine and its prolongation by eserine 
indicate that acetylcholine is liberated at vagal terminals in sufficient quantity 
to inhibit. 

The similarity of time-depression curves to curves constructed from effects 
of single vagal volleys is noted. 
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Hypophysectomized rats and rabbits from "which the abdominal "viscera have 
been removed require the administration of much more glucose to maintain their 
blood sugar levels than do normal e\dscerated animals. The hypoph^ectomised 
eviscerated rat also exhibits a loss of muscle glycogen "^^hich control animals do 
not shovi" (1, 2). These observations substantiate those made pretdously on in- 
tact hypophysectomized animals and on animals given pituitary extracts — obser- 
vations "which suggest that in the absence of the anterior pituitary there is abnor- 
mally great utilization of carbohydrate in the peripheral tissues in circumstances 
"when carbohydrate oxidation is ordinarily not rapid (3, 4). The hypophysec- 
tomized animal also suffers from some degi’ee of adrenal cortical insufficiency. 
Since the adrenal cortical hormone is kno"UTi to affect gluconeogenesis, it is now 
generally considered that the changes in hepatic metabolism of carbohy’^drate 
observ^ed in certain circumstances after hypophy^ectomy are due to this de- 
ficiency^ There is some evidence which has been considered to indicate that the 
administration of cortical hormones, besides increasing gluconeogenesis, also de- 
creases carbohydrate utilization. Whether this effect, if real, is hepatic or pe- 
ripheral in origin is not knovm, nor has it been decided whether adrenal 
insufficiency^ like hypophyseal deficiency, leads to increased peripheral oxidation 
of carbohydrate. Consequently, whether any’^ of the effects of the absence of the . 
pituitary’" on peripheral carbohy’-drate metabolism are mediated through the 
adrenal cortex is likev"ise unkno"wn. The experiments reported here, in con- 
tinuation of previous work on eviscerated rats, concern, first, the confirmation 
of peripheral effects of hypophy^sectomy by* the revei-sal of these changes fol- 
lo"v\’ing the administration of anterior pituitary extracts, and secondly^ attempts 
to answer in part the questions just posed by’" a comparison of the effects of adre- 
nalectomy and of hypophy’sectomy, and of pituitary preparations and cortical 
hormones on peripheral carbohydrate metabolism. 

Methods. All chemical, operative and infusion techniques used in these ex- 
periments were the same as those pre"V'ioush' employ'ed (1). The animals were, 
as before, y’oung male rats of the Sprague-Dawley' strain, unfasted. 

The anterior pituitai-y* extract (A.P.E.) used was a 2 per cent saline extract of 
frozen beef anterior lobes, 1 ml. containing about 10 mgm. of protein and repre- 
senting 0.2 gram of gland. A total dose of 1 ml. per 100 grams body weight was 
administered intra-peritonealR at intervals during 4 hours preceding an experi- 

^ Supported by a grant to Dr. C. N. H. Long by the Committee on Endocrinologj', Na- 
tional Research Council. 
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ment; in some cases, part of the dose was given subcutaneously after evisceration. 
Administration of the extract over longer periods of time (up to 24 hrs.) did not 
seem to be more effective in these experiments than administration as just 
described. 

The adrenal cortical extract was Upjolm’s Adrenal Cortical Extract, 1 ml. 
representing 40 grams of gland and containing 50 dog units or 2.5 rat units as 
assayed by the manufacturer. Alcohol used as a preservative was removed by 
vacuum distillation before the extract was injected. Total doses of 0.1 to 0.6 
ml. per 100 grams bodj’’ weight were given in 3 equal parts : intraperitoneallj^ 
I hour before experiment, and subcutaneously immediate!}' after evisceration and 
again 1 hour later. Desoxy corticosterone acetate pellets weighing about 100 
mgm. were implanted subcutaneously, 1 in each animal, from 3 to 10 days before 
experiment. The pellets v^ere weighed before implantation and after removal 
* from the animal; the loss of weight of the pellets averaged 0.4 mgm. per dajL 

As before, the infusion experiments were conducted over a 2 hour period, 0.2 
ml. samples of tail blood being taken for sugar determinations at half-hour in- 
tervals. After the cessation of a glucose infusion, a blood sample was taken 1 
hour later or on the death of the animal if that occured earlier. "WOien the evis- 
cerated animals were not given glucose, blood and muscle (gastrocnemius) sam- 
ples were taken immediate!}’’ after evisceration and again 1 hour later. 

All of the control or “normal” animals were adrenal-demedullated two weeks 
or more prior to experiment. The hypophysectomized rats were adrenal de- 
medullated two weeks or more before operation and were used for experiment two 
weeks or more after hypophysectomy. The adrenalectomized rats were used 
from 4 to 14 days after operation, maintained meanwhile by the addition of 
sodium salts to the drinking water (0.7 per cent sodium chloride, 0.3 per cent 
sodium bicarbonate). No salt ^ was given to animals carrying desoxycorticos- 
terone pellets. All adrenalectomized rats, supported either with salt or with 
desoxy corticosterone, grew well during this time. Desoxycorticosterone treat- 
ment did not affect the weight of the hypophysectomized rats. 

Results. The results of the infusion experiments are presented in figure 1. 
In each experiment, the differences from the initial blood sugar lev'els were taken, 
and then for each group of experiments, the mean and standard error of the mean 
of these differences were calculated for each time interval. The mean differ- 
ences were then plotted as average curves for each group of experiments. The 
standard errors, omitted from the figure for the sake of clarity, were not large, 
var}dng from 1.5 to 6.4 and averaging 3.4 mgm. per cent. I^Tiere two means 
have been compared, the significance of the difference between the means has 
been determined by Fisher’s “t” test for small samples. 

The initial blood sugar levels lay usually between 70 and 90 mgm. per cent. 
The several series of e.xperiments did not differ significantly with regard to their 
mean initial blood sugar levels. 

A.P.E. in normal eviscerated rats. The normal (adrenal-demedullated) evis- 
cerated rat was previously shovvm (1) to require for the maintenance of a normal 
blood sugar lev^el the administration of 13 to 14 mgm. of glucose per 100 grams 
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(initial body weight) per hour; the average cur\*e is sho^vn as group B, figure 1. 
In the present series of experiments it was first determined that after the ad- 



Fig. 1. ^Maintenance of the blood sugar by intravenous glucose infusion in eviscerated 
rats. 
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ministration of A.P.E. as described above, the glucose requhrement was not 
more than 8 mgm. per 100 grams per hour. Simultaneously, a similar seiies of 
experiments was performed in rats not given A.P.E. but infused vdth similar 
amounts of glucose (8 to 10 mgm. per 100 grams per hr.). In these animals the 
blood sugar always fell progressivehL The mean curves of the two groups of 
experiments, showing the differences from initial sugar levels, are presented in 
figure 1, gi’oups A and C. The differences between the curves for the treated and 
untreated rats are highly significant at all points. 

In comparison with the rate of utilization of carbohydrate by normal eMus- 
cerated rats, the glucose requu’ement has been reduced at least 40 per cent by 
the A.P.E. treatment. As far as these data show this reduction maj’’ be due to a 
diminution either in the deposition of gl3'^cogen or in the oxidation of carbohy- 
drate by the peripheral tissues. However, since in control eviscerate rats, either 
maintained Avith glucose or not, there is no change in muscle glycogen or in blood 
lactate (1), and since in the intact rat A.P.E. causes increased deposition rather 
than disappearance of muscle glycogen (4), it seems probable that here the effect 
of A.P.E. has been to decrease peripheral oxidation of carbohydrate. 

A.P.E. in hypophysectomized rats. Pre\dously it AA^as reported that A.P.E. 
treatment of hypophysectomized rats reduced the rate of fall of blood sugar after 
eAUSceration and preA’-ented the disappearance of muscle glycogen AA'hich other- 
AAise occurred (1). In the present experiments the amount of glucose needed by 
the normal rat AA^as gh^en to the A.P.E. treated hypophj’^sectomized rat and the 
resulting blood sugar curves AA^ere compared Avith the curves obtained Avhen 
similar amounts of sugar AA^ere given to untreated hypophysectomized rats (fig. 1, 
cuiwes F and H). As expected, the glucose requirement was reduced bj’^ the ad- 
ministration of A.P.E., although the restoration toAvard normal was not quite 
complete under these circumstances. Duiing the first hour, the points on 
this cuive, (F), do not differ significantly from zero, indicating a normal utiliza- 
tion rate. Later the blood sugar level fell noticeably, but at all points it remain- 
ed significantly aboA^e the curA'e for untreated animals. FolIoAAring the infusion, 
the rate of fall of the blood sugar of the treated animals AA’^as normal (table 1). 

Adrenal cortical hormones in hypophysectomized. rats. The administration of 
A\4iole adrenal cortical extract to CAuscerated h3’poph3’'sectomized rats alloAA’’ed the 
blood sugar to be maintained bj'’ the infusion of the same amount of glucose as is 
required by normal eAuscerated rats (fig. 1, group E). The amounts of extract 
used, 0.2 to 0.6 ml. per 100 grams body weight, A\nre all about equallj’’ effective; 
.smaller doses (0.1 ml. per 100 grams) Avere only partiallj’’ so. These amounts of 
extract sufficed onlj’" Avhen they AA'^ere given in diAuded doses through the experi- 
mental period, a single injection prior to eAusceration haAung onlj’’ a temporary 
effect. The effects of A.P.E. and cortical e.xtract were not noticeably SAmergistic. 
As shoAA’^n in figure 1, treatment AAdth both A.P.E. and cortical extract in the same 
amounts as Avere used separatelj’’ was little more effecth'e than the cortin alone. 
In other experiments (not shoAAui), A.P.E. was found to be no more effective in 
the presence of smaller amounts of cortical extract than AA'hen giA'en Iia^ itself. 

In hypophy^sectomized rats Avhich were eA-iscerated but not giA-en glucose, 
AALole adrenal cortical extract increased the sunuA'al time and deqfeased LKe'i’ate 
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of fall of the blood sugar to normal, but only partiall}’- prevented the loss of muscle 
glycogen (table 2). 

The implantation of pellets of desoxj’'corticosterone acetate into hypophy- 
sectomized rats did not affect their glucose requirement, the blood sugar curves 
from untreated and desoxycorticosterone treated rats not differing significantly. 


TABLE 1 


The rate of fall of the blood sugar in eviscerated rats after the cessation of glucose infusions 


1 . 

2 . 

3. 

4. 

5. 

6 . 


8 . 

9, 


KO. OF EX- RATE OF FAIi OF 
FEEIlIEirrS THE BLOOD SUGAR 


Normal rats 

Normal rats treated with anterior pituitarj' extract 

Hypophysectomized rats 

Hypophysectomized rats with desoxj'corticosterone pellets. . 
Hypophysectomized rats treated with adrenal cortical extract 

(0.2-0.6 ml, per 100 grams) 

Hypophysectomized rats treated with anterior pituitary ex- 
tract (1 ml, per 100 grams) 

Hypophysectomized rats treated with both adrenal and pi- 

tuitarj' extracts (same amounts as above) 

Adrenalectomizcd rats, salt treated 

-\drenalectomized rats, with desoxycorticosterone pellets 



msm. per cent 
per hour 

12 

33 ± 4.6* 

9 

24 ± 5.9 

12 

78 db 4.5 

6 

60 ± 7.2 

8 

31 ± 2.8 

6 

31 db 3.9 

6 

37 ^ 2.5 

7 

68 db 6.1 

8 

40 i 3.0 


* Standard error. 


TABLE 2 


Carbohydrate levels in eviscerated rats not given glucose 



1 

[ KO. OF 

» 
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1 SUPA'n'AL 

BLOOD SUGAR 

MUSCLE CLYCOCEK 
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{ 

( TIME 

1 

Initial 

Rate of 
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Rate of change 


! 
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mzm. : 

mtm. % 

rt^m. 

rngm. % per 



% 

per hour 

% 

hour 

1. Control demedullated rats 

1 12 I 

! 107 zb 10 

82 

37 zb 3 

609 

-h2 zb 11 

2. Adrenalectomized rats given 
salt 

1 8 i 

1 

83 zb 3 

i 

88 

60 zb 6 

516 

j 

; -2 zb 11 

3. Hj'pophysectomized rats, un- | 
treated ! 

1 

1 

13 

1 53 zb 4 

76 

72 zb 6 

529 

-lOS zb 16 

4. HjTJophysectomi zed rats given | 
cortical extract* i 

10 

96 zb 10 

77 

41 zb 4 

573 

-42 zb 13 


* Upjohn’s .Adrenal Cortical Extract, 0.5 ml. per 100 grams body weight 2 hours before 
experiment. 


The rate of fall of the blood sugar after the cessation of glucose infusion was in 
the treated animals slightly lower than in untreated rats (the difference being 
barely significant), but it was still far above the normal rate. 

The eviscerated adrcrialcclomizcd rat. The adrenalectomized rat maintained in 
good condition by the administration of .salt behaves after evisceration somewhat 
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like the hypophysectomized rat. The blood sugar falls more rapidly than nor- 
mal when no glucose is given, and the glucose requhement for maintenance of 
the blood sugar is increased (tables 1 and 2, fig. 1, groups K and L). The rate 
at which glucose must be given to the salt treated adrenalectomized animal is 
variable and so is difficult to determine precisely, but it appears to be above 20 
mgm. per 100 gi’ams per hour. 

The adrenalectomized rat also differs from the h 3 ’^pophysectomized rat in im- 
portant particulars. The muscle glycogen does not fall after e^dsce^ation as it 
does in the hypophysectomized rat, and the sundval time after evisceration is 
longer (table 2). These facts probably indicate that the rate of carbohydrate 
utilization is less in salt treated adrenalectomized rats than in hj^poph^’sectomized 
rats. More striking still is the difference in the response of the two types of 
animals to implantation of desoxycorticosterone acetate pellets. Wliereas the 
hypophysectomized eviscerated rat was affected only slightlj’- if at all, the adrenal- 
ectomized animal maintained vith desoxycorticosterone (without salt) required 
onlj’’ normal amounts of glucose and the rate of fall of the blood sugar after cessa- 
sation of glucose infusion w^as within normal limits (fig. 1, curve J and table 1). 

Discussion. It appears established that hypophj’-sectomy leads to an increase 
in the glucose requh-ement of the peripheral tissues and that A.P.E, treatment 
reverses these effects both in normal and in hypophj’^sectomized animals. But 
since salt-treated adrenalectomized rats also show" some increase in their pe- 
ripheral utilization of carbohydrate, may this effect of h 3 "pophysectomy be due in 
part to adrenal cortical atrophy? The fact that maintenance doses of desoxy- 
corticosterone restored the peripheral carboh 3 "drate utilization rate of adrenal- 
ectomized rats but did not affect that of hypophysectomized rats argues against 
this conception. If such doses of desoxycorticosterone do not affect carboh 3 ’'drate 
metabolism, as many believe, the adrenalectomized rat when in the best condition 
might be said to have a normal rate of utilization of carbohydrate, and adrenal 
insufficiency could not then be an important factor in producing the increased 
glucose requh’ement after hypoph 3 'sectomy. 

The view that adrenalectomy does not specificalh' increase carbohydrate 
utilization is also supported by the fact that the R.Q. of adrenalectomized ani- 
mals is generally normal (5, 6, 7, 8). Normal or nearl 3 '’ normal deposition of 
gtycogen or recovery of absorbed carbohydrate in adrenalectomized rats fed 
glucose has been reported several times (5, 9, 10). Tw"o reporis, those of Lewis 
et al. (11) and of Evans (12), are in conflict with this view", but, on examination, 
the data they present do not appear to support the conclusion that disappearance 
of administered carbohydrate is notably accelerated after adrenalectom 3 ". 

In view" of the small effects of adrenalectom 3 " on carboh 3 "drate utilization, the 
similar results of the administration of adrenal cortical hormones and of anterior 
pituitaiy extracts in the present experiments are somew"hat enigmatic. Evi- 
dence has been considered elsew"here (13, 14) to indicate that the anterior pitui- 
taiy can affect carbohydi-ate metabolism independent^" of adrenal actmt 3 " and 
that the principal effects of cortical hormones on metabolism are referable to 
gluconeogenesis; but it ma 3 " be that cortical hormones given in sufficient quantit 3 " 



104 


JAKE. A, RUSSELL 


can also affect directly or indirectly the rate of carbohydrate utilization. How- 
ever, whether anterior pituitary and adrenal extracts act in an identical manner 
Is not shown by these experiments, for the metabolism of peripheral tissues as 
well as that of the intact animal may be affected by administered hormones at 
more than one point. It seems probable that the anterior pituitary acts directly 
upon carbohydrate metabolism in some manner, for effects on muscle glycogen 
are peculiar to A.P.E. ; but cortical extract may, for instance, affect the avail- 
ability of fat for direct oxidation, or it might produce its apparent effect by in- 
creasing gluconeogenesis in kidney tissue (15), Evidence obtained from the 
action of cortical hormones in intact animals is not helpful in deciding this point. 
In most experiments, on diabetic, phlorizinized, or fasted rats, cortical hormones 
have appeared only to increase gluconeogenesis (14, 16). Onlj' in rats fed large 
amounts of carbohj’-drate have adrenal steroids depressed the R.Q. (5, 14), or, 
in one instance, caused excessive glucose excretion (17); and in these cases there 
may be some doubt that direct repression of carbohydrate oxidation by the 
hormones occurred. The low' Pi,.Q.’s, presumed to indicate a reduction in car- 
bohydrate oxidation, w'ere accompanied b}" hver glycogen but not by peripheral 
carbohj’^drate storage; so they may then as w-ell have been the secondary' results 
of abnormal retention of carbohydrate in the liver, or even perhaps have been 
due to a reduction in fat formation. The high rate of glucose excretion could 
have been due to hypergU^cemia, produced when massive carbohydrate feeding 
was superimposed on prevailing high carbohydrate levels due to gluconeogenesis. 
Evidently it is still necessar}'- to reser\'e judgment upon the nature of peripheral 
effects of active cortical hormones on metabolism. 

A question of considerable importance brought up by the present experiments 
concerns the role of deso.xycorticosterone in carbohj’-drate metabolism. The 
consensus is that desoxj'corticosterone in small or moderate doses does not affect 
carbohydrate metabolism in any demonstrable fashion, but some effects of larger 
amounts of desoxj’-corticosterone on gluconeogenesis and on the blood sugar level 
have been reported (16, 18). It is possible therefore that the e\T.scerated rat is 
a preparation particularly sensitive to the presence or absence of adrenal hor- 
mones, and that the increased rate of utilization of carbohydrate observ'ed in salt- 
treated adrenalectomized rats and the restoration to normal by desoxycortico- 
sterone are real effects. On the other hand, another explanation for the present 
effects of desoxycorticosterone Is possible. It has been reported several times 
in the past that w'hen hepatectomized or e\’iscerated animals are approaching 
shock states (“in a declining condition”) the glucose requirement is elevated (19) ; 
and in this w'ork on eHscerated rats a similar phenomenon w'as also noted. Some . 
experiments have been performed (to be reported elsewhere) showing clearly that 
after hemorrhage the glucose utilization rate of eviscerated rats is much ac- 
celerated. It is well known that adrenalectomized animals are particularh’’ sus- 
ceptible to shock-inducing procedures and that they may often be protected by 
the administration of desoxycortico-sterone. Thase facts .suggest that the in- 
creased glucose requirement of salt-treated adrenalectomized eviscerated rats 
may be due not specifically to lack of an adrenal hormone directly affecting car- 
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bohj’-drate oxidation bj'' the tissues, but to the early development of a shock 
state after evisceration. The desoxj'-corticosterone may then produce its ap- 
parent effect on carbohydrate utihzation by action on the peripheral vascular 
circulation. If the defect in carbohydrate metabolism in hypophj^sectomized 
animals is referable to lack of a pituitar 3 ’- rather than of an adrenal factor, as 
previously considered, the failure of desox^’^corticosterone in these animals is to 
be expected. 

However, it is probably not possible to divorce desox^’^corticosterone entirely 
from any participation in metabohsm; for the susceptibility to shock of adrenal- 
ectomized animals and their protection by adrenal hormones maj’^ itself be due in 
part to the participation of adrenal hormones in metabolic s\"stems affected in 
the sjmdrome knovm as shock. 


SUMMARY 

1. The glucose requirement for maintenance of the blood sugar in normal 
eviscerated rats was reduced b}^ about 40 per cent by previous treatment of the 
animals vnth anterior pituitaiy extract. 

2. The glucose requirement of eviscerated hypophj^sectomized rats, which is 
greater than normal, was reduced by anterior pituitary and bj’' adrenal cortical 
hormone treatment. The rate of fall of the blood sugar when no glucose was 
given was reduced to normal by both types of treatment. The loss of muscle 
gtycogen, which occurs in untreated hypophj^sectomized eviscerated rats and 
wliich is prevented bj’' A.P.E. treatment, was only partiallj’’ affected bj'' adrenal 
cortical extract. Desoxj^corticosterone acetate did not alter the glucose require- 
ments of hypoph 3 ’’sectomized eviscerated rats. 

3. Adrenalectomized rats sustained bj'’ the administration of salt required more 
glucose than normal rats for maintenance of the blood sugar after evisceration. 
The blood sugar fell more rapidl.y than normal in these rats when no glucose was 
given, but the muscle gh'^cogen did not change during the period studied. 
Adrenalectomized rats maintained with desoxj’^corticosterone acetate (subcu- 
taneous pellets) required onlj’’ normal amounts of glucose after e^’isceration. 

4. The significance of these observations has been discussed. Reasons were 
advanced for considering that the increased peiipheral requirement for carbo- 
hj'drate of hypophj’-sectomized rats is probably not to an 3 ’^ great extent the result 
of diminished adrenal function and that the pituitaiy and adrenal hormones ma 3 ’’ 
affect carbohydrate metabolism b 3 ’' different means. 
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The desirability of more complete information on the many physiologic proc- 
esses involved in the repair of injured nerves is universallj' recognized. It is 
only by acquiring such knowledge that rational methods of treatment of injured 
nerves may be evolved. Through the application of certain technics, we have 
observed in vivo the repair of the posterior auricular nerve of the rabbit after the 
nerve had been injured in a variet}'’ of ways. Although our stud}" is far from 
complete, it has been of sufficient promise to warrant a report of our findings 
to date. 

Recently one of us (Rezende, 6) reported the results of a series of experiments 
on grafting and suturing divided peripheral neiwes. In that paper considerable 
pertinent literature was presented. Furthermore a verj" inclusive bibliogi'aphj" 
has been published recently by Young (8) in his able re^^ew of the subject of 
injury and repair of peripheral nerves. In addition, two important papers have 
appeared recently, one by Gutmann and Sanders (4) and the other by Weiss and 
Tajdor (7). Consequently onl}" the litei*ature that bears an intimate relation to 
the present study vdll be referred to subsequent!}’’ in this communication. 

Methods. A transparent chamber applied to the ears of rabbits by means of 
the technic of the Clarks and their co-workers (2) has been used in this laboratory 
for several years. Clark, Clark and Williams (2) described the ingrowth of 
nerves that accompanied the developing blood vessels in the transparent chamber 
inserted in the ears of rabbits. Because of the fact that living nerves are trans- 
lucent, they are indistinguishable from other tissues when seen mth the micro- 
scope. Clark, Clark and Williams stained the newly formed nerves by injections 
of methylene blue in concentrations of 1:50, 1:200, and 1:400 in physiologic 
saline solution. The solution was injected into an artery or a vein in sufficient. 
amount to distend the vessels of the chamber with the dye. The}'' occluded the 
circulation for one and a half to three minutes while the dye was kept in the 
vessels. Seven to ten minutes later the nerves were stained an intense blue 
which persisted for thirty-seven to forty-three minutes. 

In the experiments reported here the method of Clark, Clark and Williams for 
staining the nerves Avas used. Effecth^e concentrations of the dye that appeared 
to be tolerated A\nthout serious untoward effects Avere 2.5 to 5 per cent solutions of 
methylene blue in physiologic saline solution. Concentrations of 15 to 20 per 
cent caused considerable edema of the AA’hole ear as the Clarks and Williams found 
AA"ith high concentrations of the dye. 

Besides observing the repair of the nerve folloAving injury, we determined loss 
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of function and its recovery by stimulating the ear by appropriate means and 
obsendng the response of the animal. 

The trayisparent chamber. For the present study a transparent chamber similar 
to that used bj" the Clarks and their co-v'orkers for the study of preformed or 
pre-existing blood vessels was employed. The chamber we used was made from 
lucite. The two disks which made up the upper and lower portions of the 
chamber were cut on a turning lathe from a cylinder of lucite about 25 mm. in 
diameter after the method of Ebert, Florey and Pullinger (3). The lower disk 
when polished measured from 1.75 to 2 mm. in thickness while the upper disk 
was made about 1 mm. thick. Three holes about 1 mm. in diameter were drilled 
through the two disks in the foim of an equilateral triangle to receive the bolts for 
holding together the upper and lower disks of the chamber. From the upper disk 
a smaller disk about 15 mm. in diameter was removed and a layer of mica about 
0.07 mm. thick was glued to the lower surface with a solution of copal in acetone 
and Venice turpentine. The mica and lucite were held in a clamp for about 
twenty-four hours, after which the bolts were placed in position, the nuts applied 
and the chamber thus assembled was .submerged in 10 per cent solution of formalin 
or 1:1,000 solution of merthiolate for 60 to 120 minutes. After the chamber 
had been rinsed in physiologic saline solution, it was inserted into the ear of the 
rabbit. 

The insertion of the chamber. The operations were done while the animals were 
under pentobarbital sodium anesthesia (25-35 mgm. for each kilogram of body 
weight given intravenously). The ear was clipped, washed vith soap and water 
and placed in 1:500 solution of metaphen or 1:1,000 solution of merthiolate for 
fifteen minutes. The antiseptic was placed in a 50 cc. centrifuge tube in which 
the ear was submerged. Precautions to ensure sterility were obsen'ed through- 
out the operation. 

The procedures for insertion of the chamber were as follows: 1. The upper 
portion or disk of the window was placed so that the medial arterj’- passed near 
the middle of the disk. 2. The ear was spread on a large cork and when the disk 
was placed .satisfactorily, sewing needles were thi-ust through the ear into the cork 
to mark the position of the bolts which were to be inserted later. 3. The upper 
disk was then removed and with a scalpel ha%Tng a narrow, thin blade the skin 
was cut through and separated from the blood vessels and cartilage for a few 
millimeters. After this a blunt probe was inserted and the skin was elevated from 
the cartilage about 5 to 8 mm. beyond the area to be covered with the upper disk 
of the chamber. The skin on the ventral surface was not disturbed. 4. From 
the center the skin was incised radially to each of the sewing needles but not 
beyond it. 5. The sewing needle was passed into the lumen of the hj’podermic 
needles and the latter was then thrust through the ear; the sewing needles were 
removed, after which the bolts were inserted into the hypodermic needle. The 
h:\'podermic needle was then removed and the bolt left in place through the ear. 
6. After the three bolts were placed the lower disk was put in position and the 
nuts were applied. 7. If the nen-e was to be sectioned or a graft placed, it was 
done at this point. 8. The upper disk was then put in position, the bolts were 
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placed and the nuts applied. 9. The skin ivas then brought over the peripheiy 
of the upper disk and trimmed just sufficientlj' to expose the central disk of mica. 
10. The nuts were then tightened to the desired degi-ee, which completed the 
procedure. The entire operation can be done in twenty minutes. 

Observations of the tissues in the chamber were made with the aid of a dissect- 
ing and a compound microscope. 

Description of experiments and results. One of the most striking de- 
velopments in the experiments thus far has been the response of the circulation of 
the nerve to injurj'. In a recent review Adams (1) emphasized the fact that 
nonnal peripheral nerves as well as the central nervous system are highly vascular. 
Our observations on living functiom'ng nerves strongly support this thesis. Re- 
gardless of the nature of the injury to which the auricular nerves were subjected, 
the first occurrence thereafter was the extensive development of a complex net- 
work of blood vessels which formed in the crushed region of the nerve, or Avhich 
spanned the gap between the proximal and distal stumps when the neiwe was 
sectioned or when part of the nerve was resected. Similarly when a graft was 
placed in the course of the ner\"e, it was first completely vascularized whether it 
was an autograft or a homograft. Tliis ivas true whether it was a graft made 
from fresh or from presented nenmus tissue. The graft, particularly when made 
from presented material, could be distinguished for several days as an opaque area 
of diminishing size in the course of the neiwe. Vascularization occurred much 
more rapidly (seven to ten days) in the fresh than in the ju’eserved material 
whether an autograft or a homograft was used. In the case of homografts made 
from presen'ed nerves, what appeared to be comjilete vascularization required 
fourteen to twenty-one days. In all experiments the initial vascularization ap- 
peared to be in excess of the ultimate needs of the nerve since the complex 
network of vessels graduall}'' became reduced until the vessels of the region of 
injurj’’ or of the graft could be distinguished from those in the proximal and distal 
portions of the neiwe onl}’' with considerable difficulty. That is, the vascular 
architecture finallj’’ took on the appearance of that of the normal nerve. 

Folloudng the vascularization of the injured region or of tlie graft, ingroudih of 
ner\'ous tissue occurred after varjdng lengths of time. The limited number of 
experiments done in any of the following series of experiments makes it advisable 
to consider the statement of the time required to produce a given result as tenta- 
tive since a much larger series of experiments must be done before an adequate 
idea of the range of time requix’ed for a given result can be had. 

Series 1 (4 expts.). In a series of control experiments 2.5 per cent solution of 
methylene blue was injected through the marginal vein of the ear, the injected dj'^e 
being held in place by preventing circulation of blood as described by the Clarks 
and Williams. Fifteen minutes later the vessels and nerves were denuded of skin, 
care being taken to cause as little injury to the underlying blood vessels and 
nerves as possible. Under opthnal conditions the skin may be removed without 
gross hemorrhage being produced. An examination of the tissues thus exposed 
revealed deep blue bands of various diameters passing along the medial auricular 
arteiy Avith secondary bands passing laterally into the adjacent tissue. The 
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former were components of the posterior auricular nerve and the latter were its 
branches. The deep blue staining bands have been interpreted as the axis-cyl- 
inders of the posterior auricular nerve and its branches (fig. 1). 

Series 2 (18 ezpts.). In this series of control experiments the transparent 
chambers were applied to the ears with the least possible disturbance of the blood 
vessels and nen’^es. When complete recover}’- had occurred, which required ten 
to fourteen days, the tissues of the chamber were stained for three to five minutes 
■with appropriate concentrations of the dye. It was demonstrated that the 
portion of the nen’-es that had been placed in the chambers and allowed to remain 
there indefinite!}’" stained as did the nerves in the cars of the rabbits in series 1 
(fig. 2). 

Series 8a (6 expts.). From the obsenmtions just described, it was evident that 
the presence of the chamber did not alter the staining character of the nerves. In 
the series now under discussion the nerve was exposed, separated from the medial 
artery for a short distance and then crushed between forceps for a distance of 
about 5 mm., after which the chamber was applied. The sequence of events was 
then followed imtil recovery or until the preparation failed for some reason. 
Only two of the preparations in this series were successful, since in the other 
preparations the tissues of the chambers became infected after various periods 
following the operation. Within fourteen days following the operation the 
vessels of the neiwes that had been crushed appeared to have recovered fully 
from their injur}'. The vascular architecture looked quite as it did in an un- 
crushed nen'e (fig. 3a and 6). In one of the animals the crushed nerve had 
apparently fuUy recovered its function seventy-two days after injury, since the 
animal responded to stimulation of the ear in an area supplied by the posterior 
auricular nen'e, which it did not do just after the operation. Staining with 
methylene blue showed that axis-cylinders had grown across the injured region 
into the distal uninjured portion of the nen'-e. 

Series 3b (If. expLs.) In these experiments the transparent chambers were ap- 
plied as described in series 2. After complete recovery from the operation in 
certain of the animals the tissues of the chamber Avere stained with methylene blue 
to detennine the condition of the. nen’-e. If the preparation was in every way 
.satisfactory at a later date, the nerv'c Avas crushed near the base of the ear as in , 
series 3a. The operation Avas done quickly and easily Avhile the area Avas under 
infiltration anesthesia Avith procaine hydrochloride. TA\'enty-four to forty-eight 
hours after the operation the ear Avas stimulated to determine the presence or 
absence of function of the neive. In CA’^ery instance the injur}-- of the nerA-^e aa’RS 
sufficient to destroy its function. Fh'-e days after the nerA’es AA-ere crushed, they 
failed to stain as they did before being crushed. There Avere only one or tAVO 
faintly staining bands, a fact AA’hich indicated that the axis-cylinders had almost 
completely degenerated in each instance. Experiments are noAv in progress to 
detennine the time necessary for the axis-cylinders to regenerate from a point 
proximal to the injuiy through the transparent chamber, which is a distance of 5 
to 10 cm. 

Series If. Ecsection . In one experiment a piece of the posteriorauricular nerA'e 
about 3 or 4 mm. long was resected. In addition there Avas enough retraction of 
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the nerve to produce a gap about 5 mm. long. The space between the proximal 
and distal stumps was bridged within five days hy a rich supply of blood vessels 



Fig. 1. Denuded central artery and posterior auricular nerve with two of its branches as 
seen in the car of the rabbit after staining with 2.5 per cent solution of methjdene blue (X5). 

Fig. 2. Tissues in transparent chamber inserted in the ear of a rabbit. Picture taken 
after staining tissues with methylene blue. Nerve indicated by deeply stained bands (X5) . 

Fig. 3a. Transparent chamber showing effect of crushing posterior auricular nerve (X5). 
b. Same fourteen days later when circulator}'’ repair was largely completed. 

Fig. 4a. Tissues in transparent chamber, unstained; blood vessels and posterior auricular 
nerve from which a piece (A to B) had been resected sixty-four days previously (X5). b. 
Same after staining with methylene blue. The bundles of nerve fibers can be seen passing 
from the tip of a neuroma (A) to the distal stump (B) (X8). 


whose development preceded the ingrowth of nerve elements. Twenty daj’^s after 
the operation, staining the chamber with metl^dene blue revealed that axis-c,yl- 
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inders -were growing out from the proximal stump and proceeding toward the 
peripheral stump of the neiwe. On the proximal stump a neuroma had developed 
and gave the appearance of a whitish bulb from which issued a large number of 
blue staining bands, suggesting the appearance of a small onion with its attached 
roots (fig. 4a and h). 

About three months after the operation the distal stump after staining showed a 
rich supply of axis-cylinders in eveiy way like those seen in the stained normal 
nerve. Undoubtedly they would have been seen much earlier had the ear been 
stained. At this time there was apparently complete return of sensor}’’ function 
which probably would have been found present much earlier had tests been made. 

Series 5. Grafting of nerves. In order to obser\’^e the effect of the insertion of 
various kinds of grafts into defects made in the auricular neiwe many experiments 
were necessaiy, some of which will next be considered. 

a. Autografts (1 expt.). In this experiment a piece of the posterior auricular 
neiwe was resected, turned end for end and placed in the defect created by its 
removal. As in all the other experiments, the graft was soon invaded b}’’ blood 
vessels and after fifteen days the graft could not easily be distinguished from the 
rest of the nerwe, so effectively had the repair of vascular damage been made. 
Little change of the vascular supply of the graft occurred during the two weeks 
that followed. Further observation was prevented by the death of the animal. 

b. Homografts, fresh (6 expts.) . In the.se experiments the nen- es of the right or 
left ear of two rabbits were exposed and a section (about 5 mm.) of the auricular 
nerve of one was removed and placed in the defect made in the auricular neiwe of 
the other and vice versa. The complete vascularization of the homografts pro- 
ceeded as described for the autograft. There did not appear to be an untoward 
reaction of the tissues of the ear to these grafts. The newly developed blood 
vessels appeared to have reached their definitive form in about fourteen days as in 
the autografts. The desirability of perfect alinement of the graft with the 
proximal and peripheral stumps of the nerve Avas demonstrated in this series of 
experiments. In two instances the alinement Avas poor oAA-ing to displacement of 
the graft Avhen the u]5per disk of the chamber AA'as applied. In these cases axis- 
cylinders AA’ere not found passing through the body of the graft but AA'ere obserA'ed 
outside it. In contrast, in the experiments in AAhich there AA'as more perfect 
ahnement, the axis-cylinders appeared to pass through the body of the graft. 
Proper alinement of the graft is facilitated by the use of a reading glass and the 
application of 20 per cent solution of acacia glue — Avhich assists in holding the 
graft in place. In one animal axis-cylinders had groAA-n through the graft in 
about seA'enty days. Vigorous re.sponse folloAved stimulation of the anterior 
lateral margin of the ear thirty days later. 

c. Homografts, preserved (8 expts.). Auricular and peroneal nerA’es Avere fixed 
and preserved in 10 per cent solution of foi'malin for indefinite periods. When 
desired for use they Avere soaked for tAA'enty-four hours in several changes of Avater. 
They AA'ere then placed in 9.5 per cent alcohol for tAvelve hours, after Avhich they 
AA'ore left in physiologic .saline solution for a few hours before being used. The 
grafts Avere 5 to 10 mm. long. An attempt AA'as made to cut the graft long 
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enough to abut at each end against the cut ends of the auricular nerve. Care was 
also taken to place the graft in as nearly perfect alinement as might be. Tliis 
part of the operation was done under a large reading glass. 

It required from seven to fourteen days longer for the preseiwed grafts than for 
the fresh grafts to become completelj'- vascularized. Ultimately, they were 
incorporated in the auricular nerve in the same mamier as the fresh homografts 
and the axis-cylinders traversed them successfully, but the time necessary for 
their growth appeared to be greater since it required as much as five months in 
one exqieriment for complete repair and restoration of function. 

d. Grafts p7'otecied with cellophane. In two experiments cellophane was placed 
under the proximal and distal ends of the neiwe and under the graft. It was 
thought that invasion of connective tissue might be controlled or at least re- 
duced by a cellophane barrier. Whether this was the case was not settled. 
However it was found that blood vessels grew into the graft from the proximal 
end in abundance. The number of experiments was insufficient to justifj’’ an}'^ 
further statement at present. 

Series 6 (4 expts.). In the experiments now to be described the transparent 
chambers were applied as described in series 2. After complete recovery from 
the operation the tissues of the chamber were stained and the condition of the 
nerve was determined. If the preparation was in eveiy way satisfactory, the 
next step was to section the auricular ner\’^e near the base of the ear. This was 
done quickly and easily while the area was under infiltration anesthesia with 
procaine. Subsequentlj’’ the tissues of the chamber were stained at intervals of 
seven to fourteen days to determine the progress of regeneration, if any. Under 
the conditions of these experiments the axis-cylinders after degeneration must 
make connection vdth the peripheral stump and traverse a distance of 5 to 8 cm. 
before they can be seen in the transparent chamber. Eight experiments of this 
nature are now in progress. All that can be said at present is that the nerves fail 
to stain with methylene blue about a week after the nerve is sectioned. 

We propose to place grafts in defects made in the posterior auricular neiwes 
near the base of the ear and compare the rate of regeneration and repair with 
results obtained in experiments in which the nerve was crushed or sectioned. 

Comment. In all of the experiments done thus far we have observed the 
formation of only one neuroma and that occurred on the proximal stump of a 
nerve, a piece of which had been resected. Apparently the presence of a graft in 
some way prevented the formation of neuromata. It will be interesting to ob- 
sen^e the results of future experiments in this respect. 

Perhaps the most significant obseiwation in this study was that concerned •with 
the development of the circulation in connection with the repair of the injured 
neiwe. It is reasonable to expect the development of the circulation to precede 
the repair of the nerves and it is important to demonstrate that such is actually 
the case. The embryologic development of the peripheral circulation precedes 
that of the peripheral nervous system and regeneration of the peripheral nerves of 
the adult animal apparently passes through the stages which the nerve passed 
through during embryonic life. It may be assumed from what has been said of 
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the importance of the circulation in the regeneration of the nerves that every 
effort should be made to pro\’ide an adequate blood supply for injured ner\’^es in 
order that their repair maj^ be faciKtated. According to a recent indirect report 
of the -work of certain Russian physiologists, the3>- have made observations similar 
to those we have just described: “The great role of blood vessels was ascertained, 
which were shown to change and develop within the damaged area of the nen^e 
stem” ( 5 ). The report also stated that a method was de\dsed for observing the 
regeneration of nerves in a live animal by means of vertical microscopic illumina- 
tion. Evidently the Russian workers have also observed what we have seen 
vith respect to the ingrowth of the blood vessels into injured nerv'-es. 

SUMMARY iVXD COXCLUSIOXS 

Obser\mtions have been made in %dvo of the repair of the posterior auricular 
nerve of the rabbit after injury’' had been done to the nen’-e in a variety of wa3"S. 
B3’' the use of transparent chambers and intra\dtal staining, injury and repair of 
nerves could be obsen^ed. The transparent chamber and its application to the 
ear are described. 

Nen'-es were obsen’'ed subsequent to crushing, sectioning and grafting vdth 
fresh autografts as well as vith fresh and preserv^ed homografts. 

Regardless of the nature of the injury to which the nerves were subjected, the 
first occurrence thereafter was the development of a complex network of blood 
vessels which formed in the crushed region, or which spanned the gap between 
the proximal and distal stumps when the ner\m was sectioned or when a part of 
the ner\'-e was resected. Similarty when a graft was placed in the course of the 
nenm, it was first completely vascularized whether it was an autograft or a fresh 
or presen'-ed homograft. Repair of the nervms occurred more rapidly when 
fresh than when preseived grafts were used. 

The results of the work presented strongly emphasize the importance of the 
circulation in the regeneration of ner\'-es and suggest that after injur3'- to ner^mus 
tissue ever3^ effort .should be made to pro\'ide an adequate blood supply for the 
injured nersms in order that their repair ma3’' be facilitated. 
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A number of eon(lition.s such a.s dencixation, acute inanition, immobilization 
and tenotomy lead to e.xtcnsivc and rapid atropliy of .skeletal muscle. The 
basic cairses for the numerous changes \vhich take place in muscles undergoing 
atrophy in the above conditions arc not well understood. The atrophies due to 
denervation, immobilization and tenotomy have at least one factor in common, 
namebv, that, of a failure of the muscle fiber to develop tension. Scant considei’- 
ation has been given to the po.ssibility that lack of tension development may 
also play an important role in the muscle changes accompanying acute inanition. 
Carey (1) has concluded chiefly from morphologic studies on the intercostal 
muscles of rats that acute inanition is accompanied by a progressive dener\^ation 
or uprooting of motor nerves which results in a structural detachment of a portion 
of the motor fibers. This report is concerned with a com})arath’-e study of the 
functional characteristics of muscles undergoing atrophy from acute inanition 
and denervation and also includes observations on the state of neuromuscular 
transmission in intact and regenerating nerves of fasting animals. 

Experi.ment.\l methods. The studies were carried out on the gastroc- 
nemius muscles and tibial neiwes of adult albino rats. The animals were 
placed in individual cages and deprived of all food except Avater. The duration 
of the longer fast periods averaged 11 days during Avhich time the animals lost 
about one-third of their body weight. The controls consisted of animals from 
the same stock and of the same age group and had access at all times to their 
usual diet. In a number of animals complete deneiwation of one gastrocnemius 
muscle was accomplished by crushing the tibial neiwe rvith a heavy ligature. 
The nei-ve and muscle of the contralateral unoperated limb were used as controls. 
A period of 21 days was alloAved for the ])artial regeneration of the neiwe. Some 
of these operated animals were fasted for the last 11 days oi this peilod. Other 
operated animals were non-fasted and served as controls for this group. 

The .strength of the muscles was determined by measuring the maximal iso- 
metric tension Avhich developed in response to volleys of slightlj’- supermaximal 
stimuli applied to the tibial nerve and directly to the muscle. The techniques 
employed for stimulation and strength measurements have been described in 
detail elseAvhere (2). Following the strength measurements the muscles Avere 
dissected, Aveighed and analyzed for creatine. 

A search Avas made for the presence of fibrillaiy actmty in the muscles of 
fasting animals by amplification of the action potentials led from needle elec- • 
trodes buried in the intact muscle and by Ausual observation of the exposed 

^ Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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muscle. In order to check on the adequacy of the electrodes and amplification 
system the tibial nerve of one limb was sectioned 3 to 4 days before the termina- 
tion of the fast. This made it possible .simultaneously to compare the action 
potentials in the contralateral muscles of an animal, one muscle subjected to 
fasting, its contralateral member to combined denei’vation and fasting. 

Attempts were made to ascertain whether the muscles from animals subjected 
to prolonged fasting exhibited an increased sen,sitivity to acetyl choline com- 
parable to that displayed by denervated muscle. The tests of acetyl choline 
sensitivity were made upon rats which had been fasted for a period of 11 days, 
fn order to provide a control for the effectiveness of the injection techniques, 
"the tibial nen''e of one limb was sectioned 4 to 5 days before the tests were 
made. The gastrocnemii were exposed and the tendons attached to light isotonic 
levers which recorded on a kymograph. The animals were kept under light 

TABLE 1 


A summary of average values and standard errors for muscle creatine and strength elicited 

by direct and nerve stimulation 


.WtJKATION 
OP PAST 

1 

' KTJilBER or 
AKIIIALS 

j PERCENT 
i LOSS OF 
BODY 
V.'ElCaT 

CKEATZN'E PER 100 GUS. 
MCSCLE 

1 

TENSION' (.NERVE*) 
TENSION (MCSCtE*) 

XlOO ! 

CMS, TENSION 

CMS. BODY WEIGHT 



hours 




m%tn. 



0 

76 

0 



91.8 ±1.0 

9.70 ±0.16 

0 

6 

0 

450 

460 

92.0 ±1.7 

i 9.40 ±0.42 

72 

6 

10.8 

461 


91.5 ±2.5 

10.00 ±0.42 

144 j 

6 

19.2 

470 

437 

95.3 ±2.9 

9.05 ±0.54 

222 

6 

2S.8 

473 

414 

! 93.9 ±4.7 

8.63 ±0.96 

240 

22 i 

31.0 

1 

j 


92.4 ±1.8 

8.27 ±0.49 


* Stimulation. 

t At degrees of atrophy comparable to that of the weight loss in muscles of fasting rats. 


anesthesia and given 0.1 mgm. atropine sulfate and 0.1 mgm. eserine sulfate a 
few minutes before the intravenous administration of 1 mgm. acetyl choline. 

Results. Under the conditions of our experiments the ratio of the tension 
developed by the gastrocnemius muscles of normal control rats in response to 
ner\m stimulation to that elicited by direct muscle stimulation was quite constant 
(table 1). This ratio was not altered even in the terminal state of a prolonged 
fa-st. This finding indicates that prolonged acute inanition did not lessen the 
capacity of the motor nerve to activate its muscle and offers evidence against 
any functional dener\mtion of muscle during prolonged acute inanition. Table 1 
summarizes the average values for the strength of the gastrocnemius, when 
measured by the tension which developed in response to nervn stimulation and 
expressed as total grams of tension per gram of body weight. It is to be noted 
that even in the terminal stages of a fast, motor nenn stimulation elicited in 
the gastrocnemius muscle a tension response per unit of body weight which was 
only slightly less than the values observed in the muscles of well fed animals. 
The loss in strength in the gastrocnemius muscle during acute inanition was 


1 
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found to parallel closel}' the loss in total body weight. The loss in contractile 
strengtli per unit of muscle cell phase was found to be much greater in deneiamted 
muscle than in fasting muscle undergoing comparable amounts of weight loss (2). 
]\'luscles from fasting animals exhibited an increased creatine concentration, 
Avhile muscles previously subjected to denervation contained a lower concen- 
tration of creatine. 

The data (table 2) on the tissues from animals subjected to the denervation 
oiieration indicate that the regenei’ating neive fibers of fasting animals were 
able to make functional contacts with muscle units quite as effectivel}’’ as those 
of well nourished animals. The ratio of the isometric tension developed by 
muscles at 21 days after denervation to that developed by their unoperated 
contralateral controls was iireciscly the same in fasting as in well nourished 
animals. This was true for both the response to stimuli applied directly to the 
muscle and to indirect activation through the regenerating nerve. Likewise the 
degree of atroph}^ at tliis time as determined by the relati^'e weights of muscles 

TABLE 2 

Siinauary of average values ayid standard errors for eonlrol and fasted animals 
Tests were made at 21 daj’s after tibial nerve crush. Tlie fasted animals were without 
food for the last 11 d.ays. 


CONDITION 

NUMBER OF 
ANIMALS 

AGE 

PER CENT LOSS j 
OF DODV weight I 

WEIGHT OF 
DENERVATED 
MUSCLE* 

RELATIVE STRENGTH OF DENER- 
VATED MUSCLE* WHEN ACTIVATED 
THROUGH 





Nerve 

Muscle 

Control 

17 


1 

64.4 ±1.5 

31.9 ±2.5 

50.9 ±2. a 

Fasted 

11 


32.6+3,3 

1 

65.1 ±2.4 

32.8 ±3.2 

48.9 ±2.8 

1 


* Expressed as per cent of that found in non-denervated contralateral control. 


from operated and non-operated limbs was essentially the same in fasting and 
non-fasting animals. 

Many attempts were made to ascertain the presence or absence of fibrillaix 
activity in muscles of animals subjected to acute inanition. The techniques, 
employed were such as consistent^'' to reveal their presence in the denervated 
muscles of control and fasting animals. However, in no instance was evidence 
found for the presence of fibrillary contractions in the gastrocnemius muscles of 
fasting animals. This was true even in the terminal states of acute inanition. 

Under the conditions of our experiments denervated muscle consistently 
develops a contracture response to less than 1 mgm. of intravenously injected 
acetyl choline (3). However, 1 mgm. of acetjd choline consistently failed tO' 
evoke any contracture response in non-deneiwated muscles of fasting animals: 
under conditions which permitted a typical response in the muscles of the 
contralateral denervated limbs. Our findings do not establish the fact that, 
muscles from fasting and non-fasting animals e.xhibit the same degree of sensi- 
tivity to acetyl choline injections but rather that fasting muscles do not display 
an increased sensitivity comparable to that of denervated tissue. 
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Discussion. These investigations point to a normal state of neuromuscular 
relationships during acute inanition and are opposed to the concept that a 
“fasting denen^ation” e.xists in such a condition. If an}’- appreciable decrease 
occurs in the tension developed Ijy skeletal muscle during acute inanition, it 
must be ascxlbed to factors other than the capacit}-- of motor nerve to activate 
its muscle. Although for technical convenience our studies were made upon 
the gastrocnemius muscles while those of Carey (1) were made upon the inter- 
costal muscles, it is not apparent that any fundamental differences should exist 
between these two muscle groups in their responses to acute inanition. We 
were unable to find that muscles from fa.sting animals exhibit any of the typical 
characteristics of deneiwation atrophy. The increased sensitivity to acetyl 
choline injections and the constant presence of fibrillary contractions are liighly 
specific and sensitive criteria for the state of motor denervation. These were 
consistently absent from the gastrocnemius muscles of fasting rats. Moreover 
important differences were noted between denervated and fasting muscles vith 
respect to creatine concentration and strength. These findings together with 
the observation that nerve stimulation elicits the same amount of tension in 
muscle relative to that from direct activation in both fasted and well nourished 
animals argue against an}’’ significant denervation or trophic estrangement of 
muscle and nerv’e in acute inanition. Whatever the functional significance of 
the morphologic changes in neuromuscular terminations described by Carey (1) 
may be, it is apparent that the changes taking place in muscle during acute 
inanition cannot be attributed to dener\’^ation. 


SUMMARY 

A comparative stud}' was made of atrophies due to acute inanition and dener\’-a- 
tion in the tibial nerves and gastrocnemii of albino rats. No e\’idence was found, 
that prolonged acute inanition resulted in “functional denen'^ation” of skeletal 
muscle. The muscles of fasting animals did not exhibit characteristics tj-pi'cal 
of denervmtion atrophy, such as the presence of fibrillar}’- activity and the con- 
tracture response to acetyl choline injections. Nervm stimulation elicited the 
same amount of tension relative to that from direct activation in both fasted 
and well nourished animals. The regenerating nerve fibers of fasted animals 
were able to make functional contacts vith muscle units quite as effectively as 
those of well nouri.shed animals. 
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In 1934 Schnohr (1) reported studies on the effect of anoxia on intestinal 
peristalsis in rabbits. He inserted an oval cellophane window in the abdominal 
wall and observed that anoxia or an increase in CO 2 concentration in the blood 
caused an immediate cessation of all intestinal movement. 

Peterson, Smith and Hale (2) in 1938 using a modification of MachPs tech- 
nique studied the effect of CO on gastrointestinal peristalsis in rats. They 
reported that Avhen the blood was saturated from 70-80 per cent with CO, 
gastrointestinal peristalsis was inhibited 33 per cent. “The egestion time” 
by which they meant the time required for the first appearance of fecal pellets 
following the test meal was prolonged 22 per cent. Emerson (3) in 1937 using 
hlacht’s technique and also working with rats reported that surgical anesthesia 
with ether inhibits the motilitj’ of the small intestine for the period of its dura- 
tion. B}’- the second hour after anesthesia was tenninated normal activity of 
the intestine was regained. 

No quantitative data have been published of the effect of anoxic anoxia on 
the peristalsis of the small intestine. So far as the authors are aware, more- 
' over, no studies ever have been reported to show what effect, if an}*-, anoxia has 
on the movements of the colon. It was deemed that such studies were timel 3 ^ 

jMethods. The small intestine. The animals used in this stud.y were dogs 
and mice. Essentiallj'’, h'lacht’s technique was emploj'^ed in these investigations. 

Dogs. jMatched pairs of dogs were used, one animal to seiwe as control, the 
other as the experimental animal. Thej’’ had had no food for 24 hours previous 
to the experiment. About 40 cc. of a mixture of 10 per cent charcoal suspension 
in 10 per cent gum acacia in water was given Iw stomach tube. Eight minutes 
following intubation the experimental animal was placed in a low pressure 
chamber and subjected to ox 3 ’'gen want. The accumulation of CO 2 in the 
chamber was prevented bj'' providing for adequate ventilation. The control 
animal was placed in the immediate vicinity of the chamber. Both animals 
were subjected to the same temperature and all factors were controlled as care- 
fullj^ as it was possible to do. 

At the end of 30 minutes the animals were allowed to breathe a fatal con- 
centration of ether, the small intestines were removed, slit open and the distance 
which the charcoal mixture had traversed the intestine was measured with a 
meter stick. 

^ Aided by a grant of the Ella Sachs Plotz Foundation. 
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The following partial pressures of ox3'gen wei-e used: 80, 63, 53 and 43 mm. 
Hg corresjDonding to atmospheric pressures of 379, 294, 246 and 206 mm. Hg 
and to approximate altitudes of 18,000, 24,000, 28,000 and 32,000 feet respec- 
tiveljx 

Mice. Macht’s technique was also applied to jmung adult mice. Groups 
of 5 mice were rapidly given intragastric injections of 1 cc. of 10 per cent charcoal 
suspension in 10 per cent acacia and (10 min. later) were placed in the low 
pressure chamber. An equal number of controls were used. The mice were 
removed from the chamber at the end of thirtv' minutes, that is, 40 minutes after 
intubation and killed by a blow on the head. The control mice too were sacri- 
ficed in the same waj'^ at the end of 40 minutes. The small intestines were 
removed and the distance the charcoal mixture had traversed was measured. 
Three partial pressures of oxj^gen were used: 94, 80 and 47 mm. Hg correspond- 
ing to atmospheric pressures of 446, 379 and 225 mm. Hg and to appro.ximate 
altitudes of 14,000, 18,000 and 30,000 feet respectively. 


TABLE 1 

The effect of anoxia on peristalsis of the small intestine in mice 


> 

1 


COKTROt 



AKOXIA 


■1 

pOj 

ALTITCDC 



Cm. of gut 
traversed 
at end of 

40 min. 

Number of 
animals 

Length 
of gut 

Cm. of gut 
traversed 
at end of 

40 min. 

B 

mm. Ill 

94 

feet ' 

14,000 

1 

20 

47.1 

42.6 

20 

46.6 

39.4 

! 

>0.1 

80 


25 

44.3 

39.7 

25 

44.4 

30.5 

<0.001 

48 


25 

43.4 

39.1 

20 

: 44.7 

' 24.9 

<0.001 


* .According to Fisher. 


The colon. Onij’- dogs were used when the colon was studied. Thej' were 
given 300 mgm. of sodium baibital intravenouslj'. The colon was exposed and 
tracings were taken of the movements of the longitudinal muscles and also 
of the circular muscles. Thej-^ were not, however, taken simultaneousljx The 
movements of the longitudinal muscles were taken by means of an enterograph 
described hy Lawson (4). The movements of the circular muscles were recorded 
hy simplj' inserting into the colon a small balloon, which was attached to a IMarey 
tambour. The balloon was distended to a pressure equivalent to about 8-10 
cm. of water. Anoxia was produced bj’ diluting oxygen with nitrogen to the 
desired percentage, and administered by an a]5propriate apparatus described 
elsewhere (5). 

PwESUETS. The small iniesline. The results are shown in tables 1 and 2. 
The data indicate that intestinal activity in mice is not materially affected at a 
partial pressure of oxygen of 94 mm. of Hg, but if lower partial pressures are used, 
there is a statistical^ .significant decrease in intestinal movements. 

In e.xpressing the results obtained in mice the actual distance the charcoal 
traversed was used, because the average gut lengths in control and experimental 
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animals were substantially the same with but little individual variation. In 
the dogs although an earnest attempt was made to select matched pairs there 
was considerable individual variation in the gut lengths and it was, therefore, 
deemed best to use percentage figures. 

Anoxia apparently did not affect the intestinal activity of dogs. Even when 
extreme grades of anoxia were emiiloyed (partial pressure of oxygen of 43 mm. 

TABLE 2 


The effect of anoxia on peristalsis of the sinall intestine of the dog 


pO; (MM. Hg) 

159 

so 

63 

53 

43 

.Altitude (feet) 

0 

18,000 

24,000 

28,000 

32,000 

Number of animals 

37 

3 

4 

10 

22 

]\Ican distance traversed (per cent) 

65 

62 

77 

71 

54 

Standard deviation 

22.5 

11.5 , 

10.1 

25.3 

17.2 

Range 

20-94 

50-73 


24-95 

2S-91 


y 



•f 

, N ‘ ; 
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Figs. I and II 


Hg) intestinal activity in the anoxic animals did not differ significant!}' fiom the 
controls. 

Figure I shows the effect of anoxia on the contraction of the longitudinal 
muscles of the colon. It will be noted that 12.8 per cent of oxygen pi actically 
abolished colonic contractions. There ivas practicall}' no change in tone. 
Figure II which illustrates the contractions of the circulai muscles of the colon 
shows that anoxia also causes a diminution of the contractions of these muscles. 

The threshold for both longitudinal and ciiculai muscles lies fiom about 
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14-12 per cent oxygen, which corresponds approximate!}' to partial pressures 
of 110 and 94 mm. Hg and to simulated altitudes of 10,000 and 14,000 feet 
respectively. 

Discussiox. It has been .shown previousl}' that an effective degi’ee of anoxia 
is capable of decreasing hunger contractions (6) and digestive peristalsis (7). 
It has been .shown also that anoxia may dela}' gastric empt 3 dng in both man 
(8) and dog (9). It is believed that the small intestine has the same inneiva- 
tion as the stomach. In view of this it would be expected that the movements 
of the small intestine would likev-ise be inhibited b}' anoxia. 

The data which we present are obviously not in entire accord with the results 
reported by Schnohr (1) who found that anoxia produced an immediate ce.ssation 
of intestinal movements. Our obsen'^ations on dogs indicate that anoxia had 
no effect on intestinal peristalsis, and mice even when subjected to severe grades 
of anoxia .showed onh' a partial inhibition of intestinal peristalsis. Schnohr 
used rabbits, but there is no reason to believe that these animals would react 
differenth' to anoxia than other mammals. 

It is of interest to comment on the intestinal peristalsis seen in the guinea pig 
under certain conditions. If this animal be stnjck a blow on the head and if its 
abdomen be opened at once, the intestines often will show a vigorous peri.stalsis. 
This stimulation presumably is brought about b}' the fulminating anoxia, 
which in this instance is both of the anoxic and anemic tjT^e. It may be that 
under these conditions the two tjTDes of anoxia are synergistic to each other. 
Carbon dioxide, of course, is also present. This pronounced increase of in- 
te.stinal peristalsis, however, is only transitorj' in nature and the intestines soon 
become quiescent. This increase in peristalsis produced by the fulminating 
anoxia, however, is quite a different phenomenon than that brought about by 
prolonged anox'ia of much less severe gi’ade. 

There is considerable evidence that anoxia stimulates the S 3 Tnpathetic ner\'ous 
S 3 'stem, and causes liberation of epinephrine from the adrenal glands. Since 
the inhibitor}' fibers to the small inte.stine are carried b}' the S3’mpathetic division 
of the autonomic nerx'ous S3'stem it would be expected that anoxia would inhibit 
the .small inte.stine in the dog as it does the .stomach. We can offer no explana- 
tion wh}' the small intestine of the dog did not respond to anoxia. 

In order to ascertain whether the method we used to deteiToine intestinal 
motilit}' in dogs was satisfactor}', a number of animals were intubated and 
given the charcoal mixture previous!}' described and ephedrine (25 mgm./kgm.) 
was given subcutaneously 3 minutes later. This preparation produced a statis- 
tically significant decrease in the propulsive rt-pe of peristalsis of the small 
intestine. It is of interest to point out that ephedrine produces a marked 
delay in gastric emptying (10) and thus has an effect similar to anoxia. 

In another series of animals prostigmine (0.5 mgm./kgm.) was administered 
also subcutaneously following intubation. The.se animals .showed a statistically 
significant increa.se in intestinal peristalsis. Due to the re.sults obtained by the 
use of ephedrine and prostigmine it was concluded that our method of de- 
tei'mining intestinal motility in the dog was a workable one. 
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The accompanj’^ing graphs clearly show that anoxia produces a diminution 
in the height of contractions of both the longitudinal and cu-cular muscles of the 
colon. In most instances following the period of anoxia a supernormal phase 
intervened; this, however, was not always -manifested. Anoxia generallj- 
caused a loss of tone, although occasionalh’- no change in tone was noticeable. 
An occasional animal was quite resistant to anoxia, but in the average dog the 
threshold value was found to be about from 14 to 12 per cent oxj’-gen which 
corresponds to a simulated altitude of 10,000 to 14,000 feet respectivehx 

It often has been stated that the colon does not have as rich an arterial blood 
supply as does the upper part of the gastrointestinal tract. If this is true, it 
might be expected that the colon would be more resistant to anoxia than would 
the stomach or small intestine. In most animals, however, colonic movements 
were quite sensitive to oxygen want. In no case, moreover, did anoxia actually 
stimulate contractions of the colon or cause defecation to take place. It is 
of interest to mention that although defecation did not take place while the 
animals were under barbital anesthesia unanesthetized dogs often defecate when 
they are subjected to severe grades of anoxia. It is possible that the anesthetic 
agent depressed the defecation reflex. 

SUMMARY 

The effect of anoxia was studied on the activity of the small intestine in normal 
mice and dogs. Essentiall}’- Macht’s technique was employed. It was found 
that partial pressures of ox 3 "gen of more than 94 mm. Hg had no effect on the 
intestinal motility of mice; lower partial pressures caused a statisticalh'- signi- 
ficant decrease in intestinal motility. The motility of the small intestine of 
dogs was unaffected bj'" anoxia within the ranges used (partial pressures of oxygen 
from 80-43 mm. Hg). 

The effect of anoxia was also studied on the motility of the colon of barbitalized 
dogs. Anoxia produced a diminution in the height of the contractions of both 
the circular and longitudinal muscles. In the average dog, activity was first 
decreased at partial pressures of o.X 3 ’-gen from 110-94 mm. Hg corresponding to 
approximate altitudes of 10,000 to 14,000 feet. 

We wish to express our best thanks to Dr. Hampden Lawson for the use of 
his enterogi-aph. 
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The blood lactate response in the dog following an acute, severe hemorrhage 
exhibits a quick rise, followed b3'’ a slow decline, and reaches Idj" the end of the 
first twenty-four hour period after the hemorrhage a level at, or below, the pre- 
hemorrhage value. This work was first established by Riegel (1927). 

Yamada (1937) subjected mature, health.y rabbits to carefully controlled 
temperature for vaiying periods of time. VTien the temperature was 40°C. or 
50°C., he noted a considerable increase in blood lactate. Although the animals 
remained in the high temperatures from thirty minutes to one hour, it required 
some three to sLx hours for the blood lactate to return to the resting level. 
Truka-Tuzson (1940) made ten to twenty determinations of blood lactate per 
month on different persons throughout a nine-month period from September 
through June. His lactate values as expressed bj’^ the monthlj'’ mean varied 
directly vith the monthly mean temperature. Dill et al. (1940) found an increase 
in concentration of blood lactate of approximate!}'’ 50 per cent when determined 
in Benoit, Mississippi, as compared to the values found in the same human 
subjects in Boston, Massachusetts. 

An attempt has been made to ascertain if there is a diurnal A’-ariation in the 
blood lactate in the normal, resting dog. In addition, a study has been made 
of the variation from dog to dog and of the possiljility of using some central 
figure as a noina in referring to the expected blood lactate concentration. In 
table 1 are given some representatNe values of blood lactate taken from the 
literature and other sources. It is interesting to note the extreme variation 
in values, not only from author to author but also from the low to the high values 
given by an}*^ particular author. The percentage variation, in all but one case, 
is at least 100 per cent. 

^ This work submitted as partial fulfilment of the requirements for the degree of Doctor 
of Philosophy in Physiology at the University of Kansas. 

- A preliminary report of part of this work was presented before the American Physio- 
logical Society in 1941; This Journal 133: P466, 1941. 
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Such variations are not the only ones which ought to be considered when 
evaluating the data dealing with blood lactate in relation to physiological and 
experimental manipulations. The literature contains little reference to any 
extended investigation of the blood lactate concentration with respect to the 
variation which might be expected in an unanesthetized, resting subject from 
time to time, and the regularity of such variation, i.e., diurnal variation. 

The present investigation attempts to answer the following questions: (1) 
Is there a secondary, delayed hj'perlactacidemia following severe, acute hemor- 
rhage? (2) What time relationships are exliibited b}' the blood lactate -response? 
(3) Is the blood lactate of healthy dogs affected b 3 ’^ seasonal changes in tem- 

TABLE 1 


Typical normal blood lactate values from various authors 


AUTHOR I 

1 

1 

MJMBER OF i 

1 VALUES 


1 

Lo7.- 

j High j 

Average 


Man 



1 

mgm. 

mgm. ! 




percent 

per cent 

per cent 

Clausen (1922) 

3 

21.8 

1 32.1 

28.2 

Barr, Himwich and Green (192-3) 

6 

14.0 

25.2 

19.2 

Long (1924) 


1 10.0 

20.0 


Schultze (1928) 


i 9.0 

13.0 

11.0 


Dog 


Gaglio (iaS6) 


17.0 

157.0 


Collazo and Lewicki (1925) 

3 

19.6 

134.0 

58.5 

Houget (1933) 

13 

10.0 

69.0 

32.0 

Binet and Klukowski (1933) 

66 


28.0 

Edwards, Brouha and .Johnson (1938) 


5.4 

I 14.6 


Ivy and Crandall (Personal communication) 

135 

6.0 

25.0 

12.9 

Swan (Present study) 

234 

2.0 

13.3 

10.8 


perature? (4) Is there a diurnal variation in the blood lactate in resting, 
healthy dogs? 

To determine the effect of severe hemorrhage on the blood lactate three male 
and three female dogs were kept in individual cages throughout the experiment. 
Feeding and watering were done at scheduled times. All samples of blood were 
withdrawn at the same hour on each sampling da\\ Complete resting condi- 
tions were maintained for each animal. Two additional animals — one male and 
one female — were used as controls. 

To establish basal blood levels on the six experimental animals, samples were 
taken between 7 p.m. and 9 p.m. on at least two successive daj's before the 
hemorrhage. These samples were 6 cc. amounts. 

Hemorrhage was achieved b.v cardiac puncture while the dog was held bj' an 
assistant. From 2.5 to 32 per cent of the total calculated blood volume was 
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removed in each case. No samples were taken after the hemorrhage until at 
the expiration of the first twenty-four hours for five clays. Thereafter, samples 
Avere taken eveiy forty-eight hours through the ninth day. 

In Avork on the effect of seasonal temperatures on blood lactate, tAvo dogs — a 
female, no. 9, AA^eighing 10.2 kgm., and a male, no. 10, AA'eighing 24 kgm. — AA'ere 
confined in a small, unheated but full}’- enclosed house constructed of light Acmoden 
sheeting. This structure offered complete shelter from Acind, rain and snoAv 
but afforded little protection to temperature changes. The inside temperature 
folloAA'ed AA’ithin 1° to 3°C. the outdoor temperature. 

The thermometer used AA-as the Bristol Recording Thermometer.^ Con- 
tinuous temperatures throughout the tAA^enty-four hour period Avere thus aA-ail- 
able. Tliis insti-unient proAuded readings AA'hich serA^ed as the semi-official tem- 
peratures for the communitjL 

Uniform feeding and AA^atering procedures AA’ere used for the dogs. The food 
Avas a balanced, commercial product AA'hich AA'as giA'en to them once each daj'^ at 
5 p.m. The dogs’ conditions and Aveights improved during the experiment, 
indicating a healthy state at all times. 

Samples AA'ere taken from the peripheral leg A'eins, all four legs being used in 
rotation. All samples AA'ere taken at 11 a.m. eA'eiy day of the AA'eek except 
Sundays and holidays. Approximately 12 cc. of blood AA'ere removed each time 
a sample AA'as obtained. That such a blood loss AA'as in no AA'ay injurious Avas 
indicated by the improvement in each dog’s condition and vigor. 

To insure a state of complete rest in the experimental animal, both dogs AA'ere 
leashed for at least forty-fiA'e minutes previous to the time of blood removal. 
No form of activity was permitted during this rest period. 

The experiment AA'as started early in the fall AA'hen the temperature daily 
reached a peak almost as high as during the hottest jDart of the summer. Sam- 
ples AA’ere taken eA'ery other day from each dog for a period of six months. Dur- 
ing this period, temperatures approximating those of hottest summer as aa'cII as 
those of coldest AA'inter AA'ere registered. 

To determine the effect of diurnal A'ariation on blood lactate, dogs Avere selected 
from the general dog pen and alloAA'ed to rest for fort3'-fiA'e minutes before the 
first sample AA'as draAA-n. Food AA'as AA'ithheld from the animal during the tAventy- 
four hour period of sampling. EA'ery precaution Avas taken to insure conditions 
of complete rest throughout the entire test period. 

Males and females AA'ere used on alternate test periods. Insofar as possible, 
a different dog was used for each test period. HoAA'eA'er, it AA'as found necessary 
to use one particular dog — a male — for three test periods. 

This series of experiments AA'as continued for a tAveb'e-month period; hence ten 
different dogs were used. Each test period included tAA'enty-four samples, dis- 
tributed an hour apart throughout the tAA'enty-four hour period. Each tAventy- 
four hour run AA'as made once a month on approximate!}' corresponding daj's. 

Method. Samples of venous blood AA'ere AA'ithdraAA'n from peripheral veins 
into glass syringes containing sufficient dry sodium oxalate to prevent coagula- 

® Courtesj' of the Kansas Public Service Company, Lawrence, Kansas. 
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tion. Exactlj’’ 5 cc. were measured by an Ostwald pipette and delivered into 
diluting flasks. To this measured sample of blood were added 8 volumes of 
N/12 sulfuric acid and 1 volume of 10 per cent sodium tungstate. Glycolysis 
was avoided by completing the blood withdrawal and precipitation of proteins 
vdthin five minutes. 

The blood was filtered through paper and the carbohydrates removed by 
the method of Van Slj'ke (1917). Then after centrifuging, the tubes containing 
the filtrates were stoppered and stored in the refrigerator. Within a Aveek the 
lactate content was determined by the method of Friedemann, Cotonio and 
Shaffer as described b}' Peters and Van Sl3’-ke (1932). 

All samples except those obtained in the Avork on the effect of diurnal variation 
Avere run in duplicate, the results agreeing Avithin 2 mgm. per cent in practically 


Leslie 



all cases. All blood filtrates Avere ana^zed AAithin a AA'eek after remoA^al from 
the dog and, in the interim, AA'ere kept in stoppered tubes in the refrigerator. 

Results. The effect of severe hemorrhage on blood lactate. In figure 1 a com- 
plete record of the data is presented. Examination of the blood lactate A'alues 
obtained from each dog before hemorrhage indicated that, eA'en in the normal, 
resting subject, there AA-as considerable variation. This variation aa^s someAA'hat 
random in nature. Dogs 1, 2 and 5 shoAA'ed higher lactate A'alues in the second 
sample than in the first. On the other hand, dogs 3, 4 and 6 shoAved a decrease 
Avhen their second sample A\'as compared to their first. 

Forty-eight hours after the hemorrhage, decided increases in blood lactate 
Avere found in all dogs except no. 6, a female, aaEosc blood lactate had, b}' this 
time, decreased to the basal leA'el. SeventA'-tAvo hour samples gave values 
slightly higher than those of the second daj* in even' case except dog 1, whose 
sample was lost in the titration. 
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The blood lactate values obtained on the fourth daj'- were generall}'- lower than 
anj’- previous results, either normal or after hemorrhage. On the fifth day, 
values generally higher than on the fourth Avere found and, in one case, that of 
dog 4, the highest values for. that animal and for the series Avere obtained. 

From this point, samples were draAAm eA^erj' other daAu Those obtained seven 
daj's after the hemorrhage gaA^e A'alues AA'hich, in most cases, AA'ere beloAv those 
previous to the hemorrhage. In all but dogs 2 and 3 the values AA'ere the loAvest 
of the AA'hole series. On the nmth day the lactate concentrations had again 
"risen to about the pre-hemorrhage leA^el, although m one dog, no. 3, the concen- 
tration AA’as quite high. 

WTile there is considerable A’ariation, yet, in general, it can be noted that 
the A'ariation before hemorrhage is at random. Twenty-four houi-s after hemor- 
rhage the lactate leA’els are, Avith tAA'o exceptions, at the resting level for anj’- 
giA'en dog. 

In fiA’e of the six dogs, the lactate concentration AA'as sharph’’ increased at the 
end of forty-eight hours. Approximate^’' the same higli level Avas present at 
the end of seA^enty-tAA'o hours. Then, AA’ithout exception, loAA’er values AA'ere 
found at the end of ninety-six hours. Some of the ninety-six hour A^alues AA'ere 
loAver than the pre-hemorrhage leA'els. 

From the ninety -sixth hour to the end of the experiment — ^AA'here the majority 
of the leA’-els approached the pre-hemorrhage resting A’^alues — ^the lactate A^aria- 
tions occurred in unison. Some A’ariations were of greater magnitude than 
others, hoAA'eA^er. Throughout the duration of the recoA^eiy period there Avere 
periodic fluctuations of considerable extent. 

In some AA'ay, then, the random behaAuor of the blood lactate leA^el had been 
modified by the hemorrhage so that it displaj’^ed a periodic nature. It is ob- 
viously not totally a response to a deficient oxi^gen supplj’' to the tissues, eA'en 
though this may cause a h 3 "perlactacidemia as has been shoAATi bj'' Araki (1891) 
and many othem since. It is difficult to see how the tissues could be adequatety 
supplied Avith oxygen at the end of tAA'enty-four hours and be inadequate^ sup- 
plied in the forty-eighth hour, although the animal AA’^as in a state of rest during 
both periods. 

Doubtless, a hyperlactacidemia during or immediatelj'' folIoAi-ing hemorrhage, 
such as Riegel (1927) described, is best accounted for on a basis of o.xygen de- 
ficiency. Gesell et al. (1930) haA'e shoAAm in anesthetized, operated animals that 
such a hj'^perlactacidemia is found folloAAdng a reduction in oxygen content in the 
respired air. Similarlj’' after hemorrhage, Gesell obtained high blood lactate 
A’^alues. These experiments AA'ere of short duration and on animals under condi- 
tions not normal. Hence, it maj'' be questionable to attempt a direct transposi- 
tion of results. 

Particularly is this true in AueAV of the experiments, of Cook and Hurst (1933). 
These inA^estigators, using healthj^ human subjects, found that the lactate con- 
tent of the blood during rest AA'as the same as during a period of light to moderate 
exercise. Even when their subjects walked at a rate of three miles per hour no 
increase in blood lactate could be found in A’^enous blood immediate^ draining 
the active muscle groups. 
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Jervell (1928) in studying tlie blood lactate concentration in the blood of 
anemic patients was unable to demonstrate any consistent relationship between 
hemoglobin percentage or red cell counts and lactic acid. Jeiwell concluded 
that deficient oxygenation Avas seldom, if ever, serious enough in anemic patients 
to prevent the combustion of the amount of lactic acid normally produced. 

Bock, Dill and Edwards (1932) failed to find anj' significant change in blood 
lactate of nonnal men folloAring reduction of inspired ox 3 'gen io nine per cent, 
ingestion of sodium bicarbonate or ammonium chloride or taking moderate 
exercise. These investigators demonstrated a change in pH and alkaline reseive 
in some of the above procedures, but thej’’ could demonstrate no consistent rela- 
tionship between hydrogen ion concentration and lactate changes in the blood of 
their .subjects. Summing up their re.suits, in the light of work done by other 
inve.stigators, these authors remark: 

Of the lactic acid present in the blood of a resting subject a small portion may come from 
muscle activity, the rest presumablj' from the activity of the central nervous system, 
various glandular activities, etc. It seems logical to suppose that the abilitj' to reconvert 
lactic acid to its precursor may vary greatly at the seat of its formation, just as the rate 
of utilization of oxygen may vary from organ to organ in the body. The problem remains 
for .studj’ along lines differing from those suggested in the past. 

It i.s our opinion, too, that the level of blood lactic acid in the resting subject 
must be accounted for in a tvay tvhich differs from any suggested previously. 
Therefore, we venture such a suggestion. 

A possible explanation of the blood lactate response is afforded b}" linking the . 
lactate level of the subject, whether in ordinaiy rest or rest following severe 
hemorrhage, tvith the showers of luecocytes which are liberated into the blood 
stream. The evidence, at present, is only suggestive since there is little in the 
literature concerning extended observations of the leucocyte count as related to 
other phy.siological variables. The observations which have been reported, 
although fragmentary, indicate that there may be some relation between the 
pre.sence of leucocytes and lactate concentration in the blood of resting subjects. 

Tliis is not to be construed as denying the well established fact that blood 
lactate varies under conditions of phj'sical stress. Our purpose is to call atten- 
tion to some similar aspects of leucocj’^te and blood lactate changes. 

Diinker, Drinker and Kreutzmann (1918), in one of the few e.xtended experi- 
ments on the cellular content of the blood of dogs following large hemorrhage, 
showed that the dischai-ge of leucocytes into the peripheral blood followed a 
pattern which e.xhibits many similarities to the lactate variations in our ex- 
periments. 

We wi.sh to empha.size that there is no direct i-elation between our blood lactate 
and Drinker, Drinker and Kreutzmann’s leucocyte values. Such agi-eement is 
not to be expected since the two A'ariables were determined on different dogs at 
widely separated times. The experimental conditions were different, since 
leucocyte counts were obtained during a study of the effect of repeated hemor- 
rhages and saline infusions under anesthesia, Avhile our lactate values were taken 
following one severe hemorrhage on normal, resting dogs. 
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The effect of seasonal temj)erature on blood lactate. A complete record of the 
data collected in the experimental period of six months shows considerable varia- 
tion from one determination to the next, even in the series from the same animal. 
Even though there is great variation from one sampling daj" to another, yet this 
variation is no greater than is the variation obseiwed when several successive 
samples are taken from a dog during a twenty-four hour period (unpublished 
work). In addition to the greater variability, dog 9 consistent^ contained a 
higher concentration of blood lactate than did dog 10. 

There is no relation between the blood lactate changes represented and the 
day-by-day temperature changes. Neither is there a direct relation between 



Fig. 2. Average values for blood lactate and temperature. The lactate curve represents 
monthly mean values. The temperature curve represents the dispersion of the daily 
11 a.m. temperature from the monthly mean 11 a.m. temperature. 

the average lactate values for a given month and the average 11 a.m. tempera- 
ture during the month. 

However, a general trend in the same direction with respect to both dogs was 
observed. This similarity indicated that the changes in blood lactate were 
brought about by the same common agent or agents. But an 3 ' such blood lactate 
response may be modified, no doubt, b 3 ’' a multiplicity of factors. 

Examination of figure 2 shows a close coi'relation between the average monthly 
blood lactate values and a ^'ariable which we ha'\’’e chosen to designate the 
“average degree. difference from the monthty mean.” This quantity and the 
statistical mean deviation are identical. It is a measure of the dispersion of the 
daily 11 a.m. temperature from the mean 11 a.m. temperature for a given month. 
Surprisingly close agreement is observed between these two variables for the 
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experimental period. Such behavior is interpreted to mean that results in a 
blood lactate change but more probably the temperature fluctuates around a 
central point. 

Perhaps, too, a total temperature change may influence the blood lactate, since 
the Febmary lactate values were higher for both dogs than the mean deviation 
would seem to warrant. Therefore, it may be that, in addition to the degree of 
variation as a factor, a large temperature change of a continuous nature Avas an 
additional factor. With respect to the March values, it is seen that there is 
some disagreement here, too. It is felt, however, that too feAv values are repre- 
sented upon which to base any definite conclusions. 

The effect of diurnal variation on blood lactate. The data indicated that there 
were tAvo distinct periods of high concentration during a given twenty-four hour 
test. One high tide occurred about noon and the other about tAveh’^e hours 
later, i.e., near midnight. 

The mid-day rise began near 10 a.ni., reached a peak at 12 noon, and then 
subsided to beloAv the mean A’^alue for the group by 4 p.m. The mid-night rise 
AA'as quite pronoimced, but it lacked the Avell sustained character of the mid-day 
increase. Its peak AA-as a little higher than the mid-day peak, yet it exhibited a 
someAA'hat fluctuating nature, since the 12 midnight A-alue is loAver than the 
11 p.m. or the 1 a.m. A’alues. 

One transient rise occurred about 6 p.m. It appeared and disappeared quickly 
although its magnitude AA^as almost equal to either of the two previously de- 
scribed. 

Lactic acid in the blood of the resting organism has been considered the result 
of acid production bj’’ contracting muscles and its subsequent diffusion into the 
blood stream. Recent experimental Avork on man failed to account for more 
than a part of the resting blood lactate as due to .such a course. Bock, Dill and 
EdAA'ards (1932) suggest that re.sting blood lactic acid “Ma}’’ be a split product of 
carbohydrate mobilized for the maintenance of the general metabolism of the 
bod A'.” This generalization is so A'ague that it offers little aid in explaining 
the facts. 

A comparison of the behavior of blood lactate AA'ith the behavior of other 
constituents of the blood under conditions of complete rest reveals the inter- 
esting fact that the only constituent in the blood AA'hich e.xhibits diurnal A’-ariations 
of comparable frequencj’- and magnitude is the AA'hite blood corpuscle. Further 
studA*^ of the concentration of these structural elements suggests a striking simi- 
laritA' to the concentration of blood lactate. 

One careful tAA'enty-four hour .study of the diurnal A’ariation of leucocytes A\'as 
that of ShaAv (1927), in AA'hich he folloAA^ed the leucocyte changes in four normal 
human subjects by performing AA'hite cell counts CA'ery hour throughout a tAA'enty- 
four hour period. Sabin et at. (1925) studied the normal rhythm of the AA'hite 
cells in resting men coA'ering the dajdight hours of 9 a.m. to 4 p.m. only. 
TschishikoAA' (1927) studied the so-called digestion leucoc3'tosis in dogs and in- 
cluded a curA'c shoAA'ing the rhjffhm of the leucocA'tes in resting fasted dogs during 
the period from 8:20 a.m. to 9:30 p.m. Zirm and Bauermeister (1933) folloAA-ed 
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the leucocyte variations on resting hospital patients and obtained results quite 
similar to those published bj' Shaw (1927). 

These authors obtained evidence of diurnal variations in the leucocyte count. 
"Wlien their values Avere plotted the resulting cun’^es resemble the curves showing 
lactic acid changes. In all studies there "was a mid-daj’- rise in leucoc 3 '’tes Avith 
considerable A’-ariation from hour to hour. In fact, Sabin spoke of an “hourlj^ 
rhjdhm of leucocjdes.” In the more extended studies there AA’as also a mid-night 
SAA'ell. The late afternoon rise AA^as present in ShaAA^’s series but came an hour 
later in TschishikoAv’s. 

The diurnal variations in leucocA^tes in man along A\ith the blood lactate mean 
hourly Amlues of our resting dogs are strikingl}’- similar in their time relationships 
but one must bear in mind that they represent different species. 

This marked similaritj’’ ma 3 " be mereb’’ an accidental occurrence. Without 
direct cAudence concerning the relationship of the tAA’o Amriables, one AA'ould be 
unjustified in assigning to one the role of cause and to the other that of effect, or 
to both the result of a common- cause. 

An attractme h 3 qAothesis AA'ould be to consider the blood lactate in the resting 
organism, partty at least, the result of the gtycolytic actiAdt3’' of the AAdiite cells. 

It is AveU knoAATi that one of the potentialities of the AA'hite cell, iiarticularly 
the segmented cells, is the production of lactic acid from carboh 3 ’'drates. LeA'^ene 
and Meyer (1912) first demonstrated leucoc 3 '-tic splitting of dextrose in Autro. 
Maclean and Weir (1915) demonstrated that both erythroc 3 des and leucocytes 
gl 3 '’colyzed dextrose in vitro but that the activit 3 '- ratio of leucoc 3 ’ 1 ;es to erythro- 
C3des, cell for cell, Amried roughl3'' from 200:1 up to 1000:1 in faAmr of the leuco- 
cytes. They concluded that, in normal blood, the wliite cells probabb'' exert 
greater glycol 3 dic effect than the red cells even though the 3 '’ are present in much 
smaller numbers. Falcon-Lesses (1927) piwed that leucemic blood in Autro 
displayed greater glycobdic actiAdt 3 ’' than normal blood. 

Discussion. The effect of severe heinorrhage on blood lactate. The significant 
point to be obserA'^ed concerning the relationship of the delayed h 3 '^perlactacidemia 
and leucocyte increase folloAving seA’^ere hemorrhage in dogs is that the direction 
and rate of variation of the tAA'^o are similar. They simpb’’ sIioav that, AAlien an 
animal is subjected to a seA'-ere blood loss, the blood picture AAnth respect to either 
Amriable can vary drasticalh" from da3'' to da3’' in the recoA"er3^ period. At this 
point, all that can be said is that future Avork may shoAv a relationship betAA^een 
the lactate content of the blood and the leucocyte count. 

The effect of tem'perature on blood lactate. It ma 3 '' be that the mechanism 
opei’ating to bring about an increase in blood lactate in the dog A\Iien the daily 
temperature fluctuates around the mean point is of a neiwous nature, inA'-olving 
the structures usually acting in temperature regulation. Yamada (1940) has 
shoAvn that, in rabbits, after bilateral splanchnicotomy there is not obtained 
the usual hyperlactacidemia folloAAong temperature changes. This might indi- 
cate a possible invob'^ement of the adrenal medulla, the secretion of Avhich has 
been shown to influence the blood lactate Wei (Cori, 1925). 

The effect of diurnal variation on blood lactate. Considering, then, the aboA'^e 
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demonstrated facts regarding the rhjiihmic variations of leucocytes in the blood 
stream and also the blood lactate changes, one may be justified in adopting as a 
hypothesis the conception that lactate changes in the blood of the resting dog 
are, in a measure, dependent upon and/or associated with the variations in 
numbers of leucocytes. This hypothesis must be regarded as provisional imtil 
further work of a direct character determines whether or not it can be regarded 
as valid. 


SUMMARY 

1. An average value for blood lactate in the resting dog of 10.8 mgm. per cent 
was found. A total of 234 samples was used. 

2. The blood lactate level during recovery from severe, acute hemorrhage of 
25 to 32 per cent of the total blood volume in three male and three female dogs 
was studied by taking daily samples of peripheral blood. Each daily sample 
was dravm at the same hour, the subjects being in complete rest. 

3. After hemorrhage high blood lactate values were found in five dogs at the 
forty-eighth hour and were still present at the seventy-second hour. One dog 
varied from the general response in that the blood lactate peak was observed on 
the twenty-fourth hour. 

4. From the third day until the end of the ninth day, when the study ended, 
the blood lactate curve showed well defined peaks and troughs, indicating a 
rhj'thmic variation as compared to the random blood lactate variation of the 
normal resting subject. 

5. FTo significant difference according to sex was observed. 

6. E\adence was given which suggested that the variation in leucocytes may 
account for some of the phenomena follovfing severe hemorrhage. 

7. Blood lactate in dogs did not seem to vary with the day by day fluctuation 
of the 11 a.m. temperatures. 

8. No direct relation was shown between monthly mean blood lactate and 
monthly mean temperature. 

9. A close correlation did exist between monthly mean blood lactate and 
“temperature mean deviation.” By “temperature mean deviation” is meant 
the dispersion of the daily’^ temperature from the monthly mean temperature. 

10. It is suggested that a nerv^ous mechanism may be responsible for the regula- 
tion of these variations, since other work has shown, in the rabbit at least, that 
bilateral splanchnicotomy can check lactic acid production following large 
temperature changes. 

11. There was a well defined diurnal variation in the blood lactate of the 
resting, normal dog. 

12. Tlie twenty-four hour period exhibited two crests. One at mid-day lasted 
well into the afternoon. The other occurred approximately at mid-night and 
was of shorter duration than the one at raid-day. It may be, however, of greater 
magnitude than the one at noon. 

13. A third crest was observ'ed in the late afternoon near 6 to 7 p.m. Tin's 
peak was shorter, more spiked in appearance, and more inconstant in occurrence. 
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14. Data from the literature describing the diurnal variation of leucocjdes 
are presented showing a similarit}’- between the changes in concentration of 
leucocytes and blood lactate during the twenty-four hour period. 

15. A provisional hypothesis linking the two phenomena is suggested. 
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It is generally believed that pilocarpine, injected subcutaneousl}'', “activates 
chiefly the production of gastric mucus and enzymes”, whereas the secretion of 
HCl and water are stimulated only secondarily and to a small extent. A critical 
review of the literature on the gastro-secretorj" activity of pilocarpine (5), how- 
ever, reveals that this conclusion is supported b}’’ onlj’- a fraction of all the e\’idence 
reported on this subject since 1875, when jaborandi was first introduced into 
Europe. Many investigators® obtained considerable outputs of acid secretion, 
in some cases comparable vdth the response to food or to histamine injection. 
Also, in many instances the content of \dsible mucin in pilocarpine juice was fotmd 
to be but little greater than in histamine or post-prandial secretion. The follow- 
ing investigation was xmdeitaken in an effort to resolve the conflict among these 
manj'’ reports, by the use of a different experimental approach to the problem. 
The question of pepsin secretion was not considered in the present study. 

Experimental details. For the various experiments here described we 
employed 6 dogs, provided vith greater cunmture pouches of varying degrees of 
vagal inner\’’ation, i.e., 3 Pavlov, 2 Heidenhain, and 1 of our oira type of vagal 
pouch (8). The mouth of each pouch was pro\dded with a “sphincter”, thus 
making it possible to collect the secretion by either of the following methods: 
1, the usual, continuous collection technique; 2, the discontinuous collection or reten- 
tion technique, whereby the gastric juice is allowed to accumulate ndthin the small 
stomach in the absence of the collecting catheter (6). The latter investigation 
showed that even a small rubber catheter, when held in the pouch throughout an 
experiment, will induce the secretion of an appreciable amount of visible mucus 
and consequently some reduction of acidity, though less than is likely to be ob- 
tained with a permanent cannula. With the retention technique, however, this 
mechanical stimulation of mucus is reduced to a minimum (its duration is never 
greater than half a minute) although the expression of mucus by rubbing of 
mucosa again.st mucosa, as a result of increased muscular activity, may occur in 
the retention experiments as well as in the continuous collection ones. 

No experiment was started unless the pouch had been inactive for at least 30 
minutes before injection of the stimulus, as indicated bj' the complete absence of 

’ -A preliminarj' report of this work was presented before the .American Society of Biologi- 
cal Chemists in 1938 (9). 

* The authors gratefully acknowledge the grants in support of this work received from 
The Dazian Foundation and from John Wyeth and Brother, Inc. 

^ Bibliographic references of historical interest alone are furnished in detail in the afore- 
mentioned review and for this reason they are kept to a minimum in the present, e.xperi- 
mental report. 
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free acid. Pilocarpine hydrochloride (hereafter represented by P) solutions, 
prepared fresh each time, were injected subcutaneously in doses of 1.0, 0.5, 0.05, 
0.025 or 0.01 mgm. per kgm. body weight; the first two of these will sometimes be 
referred to collectively as the upper dosage range, the other three as the lower. 
Histamine hydrochloride (hereafter represented bj’’ H) was administered simi- 
larly in a dose of 0.3 mgm. per kgm., which represents about the same number of 
moles as does the 0.5 mgm. dosage of Pilocarpine HCl. Body weights of the 
dogs varied from 4.5 to 14 kgm. Records were kept of the frequencj'’ and inten- 
sit 3 ^ of vomiting and also of intra-pouch bleeding as evidenced bj’- the color of each 
specimen; an index sj’-stem of 0, 1, 2 or 3 pluses was found adequate for the 
comparative purposes of this aspect of the stud 3 L Duration of an experiment 
(total time) was measured from the time of injection (irrespective of the latent 
period of secretion) until the return of the secretoiy rate to its basal level. The 
obseivations also included the total volume of secretion collected eveiy 15 min- 
utes and the volume of visible mucin which sedimented in the graduated centri- 
fuge tube after being spim for 10 minutes at 2700 R.P.M. Acidities were 
deteimined b 3 '^ semi-micro titration and total chlorides b 3 ' a micro-modification 
of the VoUiard method (10). Neutral chloride was calculated by difference 
between total chloride and acidit 3 L It should be noted that the phenol red end- 
point for total acid is not as reliable in the presence of mucin as in its absence, but 
this is not true for the brom-phenol blue end-point for free acidity. Dry weights, 
both for dissolved organic solids and for ash, were determined b 3 '’ methods pre- 
viously described (4). 

As a measure of the response of the parietal cells to different procedures or 
agents, several criteria were available to us: 1 , the maximum free and total 
acidities attained in an3'' single experiment (expressed in milli-normal concentra- 
tion); 2, the total quantity of acid (calculated as milli-equivalents of HCl) se- 
creted throughout the experiment; and 3, the average acidity throughout the 
experiment. In order not to prejudice our evaluation of secretory responses, Ave 
employed all 3 of these criteria. For the third, a simple arithmetical mean of the 
titration values for all the specimens appears to possess less validit3’’ than a 
Aveighted mean AA'hich takes cognizance of variations in Amlume of secretion as 
AA'ell; i.e.. 


average acidity = 


(acidit 3 '' X volume, for each specimen ) 
'y', (volume for each specimen) 


Since it is sometimes stated that P stimulates the secretion chiefly of the organic 
constituents of gastric juice AA’hereas H stimulates HCl and AA'ater, AA’^e included the 
total volume of fluid as another measure of secretoiy activity, and also deter- 
mined the percentage of soluble organic and inorganic solids in a number of 
selected specimens. In order to simplify the comparison of data obtained under 
different experimental conditions, the results are reported in terms of an average 
for all the experiments in each group performed under essentially the same con- 
ditions, rather than in terms of the indhadual experiments. This statistical 
procedure AA^as considered A’-alid because the secretory responses to gastric stimu- 
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lation gave no indication of being characteristic of the indi'iddual dogs, whether 
they possessed a vagotomized pouch of the Heidenhain variety or one of the 2 
types of vagal pouch. 

Hesults. General observations. The responses to the various doses of P, 
when only the continuous collection technique Avas eniplo 3 '’ed, are summarized 
in table 1 ; those based on the retention technique are presented in table 4. The 

TABLE 1 


Mucus, acid, and fluid responses io pilocarpine and histamine; continuous collection 

experiments 

(Data reported as averages for entire groups of comparable e.xperiments) 





STIMULUS 






Pilocarpine 



Hista- 



Dosage (mgm./kgm.) 


mine 


1.0 

0.5 

0.05 

0.025 

0.01 

0.3 

1. Number of experiments per 







group 

9 

9 

6 

4 

4 

9 

2. Total volume of precipitated 
mucin per e.xperiment 







(ml.) 

1.22 

1.06 

0.25 

0.20 

0.20 

0.09 

3. Total duration of secretion 







per experiment (hours) . . . ' 
4. Rate of mucin secretion (ml. 

4.00 

2.81 

1.25 

1.19 

1.06 

1.83 

per quarter hour) 

0.081 

0.099 

0.053 

0.056 

0.046 

1 0.014 

5. Total quantity of acid ■ 







(meq. X 10”’) I 

2.01 

1.77 

0.17 

0.09 

0 03 

2.57 

Free/Total 

2.25 

1.93 

0.19 

0.10 

0.04 

2.63 

6. Maximum acidity (mN). . . . 

111 

119 

66 

49 

18 

143 

Free/Total 

119 

126 

73 

54 

25 

147 

7. Mean acidity (mN) 

84 

102 

59 

44 

! 15 

131 

Free/Total 

94 

112 

65 

50 

22 

135 

8. Total volume of fluid per 







experiment (ml.) 

9. Rate of fluid secretion (ml. 

23.4 

17.6 

2.7 

1.8 

j 

1.6 

19.9 

per quarter hour) 

10. Blood per experiment (crude 

1.46 

1.57 

0.54 

0.3S 1 

1 

0.38 

2.72 

index) 

1 

8 

1 i 

0 

0 

1 

11. Number of vomitings per 

i 


1 




experiment (crude index). 

1 4.3 

1.1 

0 1 

0 

0 



frequencj' of vomiting uhich occurred Avith the tAvo highest doses, and the degree 
of bleeding and of restlessness, were usuallj' so great as to preclude the use of a 
dose greater than 1.0 mgm. per kgm. AA'ith safetA’’ to the animal and the experi- 
ment. .\t the loAA'er dosage IcA'els, there Avas no eA’idence of bleeding AA'hateA’-er 
and vomiting AA-as reduced to a negligible amount. Micturition and defecation 
Avere induced in manj' of these experiments and the mucus content of the feces 
Avas frequently A'erA' high. SaliA'ation A\*as considerablj' more profuse than gastric 
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secretion and it started promptly after injection, whereas the latent period for the 
pouch secretion was sometimes as long as 15 minutes. ' The gastric fluid was 
invariably clear, like the secretion obtained in response to H — except for greater 
amounts of coagulated mucin. 

The duration of gastric secretion, folloiving a single injection of P in the upper 
dosage range, was considerabh’’ longer than for the H experiments, in consequence 
of a relatively long period of gradually falling acidit}’" vdth the former stimulus. 
For pui-poses of comparison a series of experiments with H were also included. 
As usuall 3 ’’ happens vdth this stimulus, its administration was followed by no 
vomiting whatever and, but rarely, bj" slight bleeding of mechanical origin. 

The output of insoluble mucin by continuous collection. Let us first consider the 
response of the mucus cells as measured by the volume of visible mucin obtained 
after centrifuging — the method used by manj’^ previous investigators. The 
standard dose of H gave an average output of onlj^ 0.09 ml. per experiment (line 
2, table 1), whereas follovdng the injection of P, the volume of precipitated mucin 
was considerabb’’ greater, irrespective of the dose. The quantity increases with 
dosage of P, that for 1.0 mgm. being 6 times that for 0.01 mgm./kgm. Since the 
duration of secretion (line 3) also varies considerablj" with the dosage of P, the 
mucus output is obviously correlated -with the total time (though not linearly), 
and the response was therefore studied in terms of mean volume per unit time 
(line 4). This secretoiy rate likewise shows a donmward trend with decreasing 
dosage, but the ratio between the extreme values is only about 2:1 instead of 6 : 1. 
Similarly, the response to 1.0 mgm. of P per kgm. is 14 times the response to 0.3 
mgm. of H in terms of mucin volumes, but in terms of secretory rates their 
difference is only 6-fold. It must be concluded, therefore, that P, at all the 
dosage levels here emploj'^ed, jdelded more insoluble mucin than did the control 
expeiiments with H, whether the situation was studied in terms of absolute 
quantities or rates of secretion. Compared vdth the rate of fluid output (line 8), 
however, the mucin rate values were extremelj’^ small being of the order of 2 to 3 
per cent of the former in the lower dosage levels and 0.5 per cent in the higher. 
It might be expected that the absolute amount of mucin would increase with 
diminished intensity of stimulation, analogous vith the responses to electrical 
stimulation of the vagi reported b}'^ others; but in spite of a 100-fold variation in 
dosage in these experiments the reverse was actuallj^ the case. 

Acid and flxiid secretion by continuous collection. If the total quantity of HCl 
secreted in anj^ experiment be taken as a measure of the parietal cell response, ive 
find (line 5) that the highest dosage of P gave on the average only 15 to 20 per 
cent less acid than did H in its standard dosage. Lowei' doses of P gave corre- 
spondingty smaller quantities of HCl, but even one as low as 0.01 mgm. per kgm. 
jdelded an appreciable amount of acid. The data for total volume of fluid (line 
8) and rate of fluid secretion (line 9) also reflect tliis do^^■nward trend with dosage, 
but although the rates never were as high as that for H, the total volume of fluid 
obtained with 1.0 mgm. of P actualty exceeded that with the standard dose of H 
by 18 per cent — contrary to what might be expected from a large part of the 
literature. Total duration of an experiment (line 3) also shows a positive corre- 
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lation \nth dosage, and the P experiments with the two higher doses lasted ver3^ 
much longer than the H experiments, ^natysis of the acid response in terms of 
the maximum acidity attained in each experiment (line 6), or the average acidity 
throughout the experiment (line 7), jdelds a slightly, though not materially, differ- 
ent picture. B3' both of these criteria, the highest response was obtained at the 
0.5 mgm. dosage level, rather than 1.0 mgm., the difference between them being 
7 to 8 miSr (6 per cent) in terms of maximum acidity and 18 mN (16 per cent) in 
terras of mean acidities. These differences are of uncertain statistical signifi- 
cance, but if the}’’ have anj’- validity at all thej’’ can be onty a secondar}^ conse- 
quence of several other factors operating in combination — ^like the rates of mucus 
and fluid secretion and the amount of vomiting. Comparing the re.sponse to 0.5 
mgm. of P vith the corresponding response to 0.3 mgm. of H, we find that both 
these acidity measures are lower in the P group; in terms of maximum total 
acidity the difference is 14 to 16 per cent, and in terms of average total acidity 
it is 17 to 20 per cent. However, these differences, as well as the analogous 
difference in terms of total quantity of acid, are all sufflcientty small so as to 
indicate that P in these larger doses may still be considered a good stimulus to 
HCl as well as to fluid secretion, even as compared with histamine. Although 
the rate of secretion of fluid (line 9) is materially faster in the H e.xperiments than 
in an}'- of those with P, irre.spective of dosage, doses of H somewhat less than 0.3 
mgm. per kgm. would undoubtedly have given comparable results even in this 
respect. 

Chloride secretion by continuous collection. Estimations of total and neutral 
chloride concentrations were performed whenever the specimens were large 
enough to permit of .such determinations parallel with acidity titrations. Total 
chloride values are generall}'^ high with but small variations during an}’’ one e.xper- 
iment; valu&s for neutral chloride tend to be correlated inversely \rith the acidity, 
as we have previously shovm to be the case for H secretion. This relation is indi- 
cated by the gi’oup averages of table 2, and it is amply demonstrated by analysis 
of the data for individual experiments. Hence, P is not essentially different 
from H in respect to chloride concentrations, and the variations which are ob- 
served are only such as may be expected from admixture of mucus and parietal 
cell secretion in different amounts. 

Total dissolved solids by continuous collection. The volume of insoluble mucin 
represents only one aspect of mucus .secretion, and crudely at that, since it dis- 
regards the mucin which remains in solution. In order to check on this soluble 
factor, we determined the concentration of dissolved solids in a number of speci- 
mens of P secretion; for purposes of comparison, a like number of determinations 
were made on H juice (table 3). The individual .specimens were chosen with a 
view to their yielding 2 groups of data -with approximately the same mean 
acidities, and also to their being large enough for analysis. In general, volume of 
specimen (actually, rate of secretion when the time factor is held constant) is 
correlated positively with the acidity, for P as well as for H and food; in accord- 
ance with this the P specimens of table 3 possess a mean acidity considerably 
higher than any of the corresponding values of table 1 (line 7), and more nearly 
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equal to the maximum value (line 6) for this same dosage level (0.5 mgm. per 
kgm.). The 2 groups of data for ash content are in reasonably good agreement 
vitli each other, as might be expected from then.’ identical acidities, but the con- 
centration of organic solids in the P secretion is almost twice that in the H 
secretion. The actual concentration ratio of P to H is 1.8, whereas for precipi- 
tated mucin the analogous ratio is about 13 (data from table 1, line 2, adjusted 

TABLE 2 


Chloride and acidity data; continuous collection experiments 


STIMULUS 

AND DOSE 

: EXPERIMEKT 
NUMBER 

1 

1 

SPECIMENS 

TITRATED 

^IEAN Cl COS'CENTEATION' 

itEAN ACIDITY 

Total 

Neutral 

Free 

Total 


■■■ 


m.V 

mN 


mN 

Piloc.‘’rpine 



156 

73 

74 

82 

1.0 



159 

73 

78 

86 

mgm./kgm. 

J-33 


157 

66 

74 

85 


J-35 


147 

37 

95 

107 


J-36 


160 

42 

108 

116 


J-38 


155 

63 

78 

85 


J-48 

6 

151 

51 

80 

95 


J-49 


152 

41 

93 

109 


J-54 

4 

157 

70 

73 

79 


Mean 

79 

155 

57 

84 

94 

Pilocarpine 


7 

150 

57 

68 

93 

0.5 


3 

157 

56 

90 

101 

msm./kfim. 


7 

158 

27 

120 

131 



7 

156 

28 

120 

126 



12 

154 

35 

104 

114 


J-56 

7 

161 

54 

84 

90 


1 

Mean 

43 

154 

43 

98 

109 

Histamine 

mm 

5 

■■1 

14 

137 


0.3 


2 


28 

128 


mgm./kgm. 

J-24 

8 


13 

142 

144 


J-30 

3 

' 159 

20 

135 

138 


J-32 

5 

160 

38 

118 

122 


J-34 

7 

168 

28 

127 

130 


Mean 

30 

160 

24 

131 

135 


for the total volume of fluid per experiment, in line 8). Hence the difference, 
between these two stimuli as regards their output of dissolved organic matter is 
less than for insoluble mucin, but it is still sufficiently great so that there can be 
no question of its validit 3 L 

Visible mucm by the retention technique. Prom the foregoing data, it is evident 
that the P experiments jdelded more mucus secretion than did the H experiments. 
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irrespective of the dosage level of the former, but it does not necessarily follow 
that the mucus cells were stimulated directty by the pilocarpine, acting at the 
neuro-glandular junction. From our previous experience with histamine alone 
and with ingested food we know that some, at least, of this mucus may have been 
evoked mechanically — in part, bj’’ rubbing of the mucosal surface against the 
catheter, and in part, by being squeezed out of the cells as a result of the in- 
creased activity of the gastrfc musculature. Any pharmacological procedure for 
controlling these mechanical processes entails the risk of simultaneous influence 
on the direct stimulation of the mucus cells, if any such exists. The rubbing 
efi'ect, however, can be eliminated in great mea.sure without this ri.sk by use of the 

TABLE 3 


Dissolved organic solids and ash of pilocarpine and histamine secretions (filtered); continuous 

collection experiments 


SPEaMEN 

NUMBER 

ET1MULU5 

ACl 

Free 

aiTY 

Total 

OSCA?aC SOLIDS 

ASH 


mim./kgm. 

mN 

>K.V 

mgm.llOO ml.) 

ml. 

2.3-1 

Pilocarpine 

127 

132 

0.48 

0.06 

2 

0.5 

122 

129 

0.41 

0.08 

3 

mgm./kgm. 

108 

115 

0.44 

0.18 

4 


123 

130 

0.28 

0.21 

0 


148 

152 

0.41 

0.29 

6 


116 

123 

0.22 

0.16 

7 


137 

142 

0.32 

0.21 

Mean 


126 

132 

0.37 

0.17 

23-8 

Histamine 

102 

106 

0.29 

0.34 

9 

0.3 

147 

150 

0.06 

0.13 

10 

mgm./kgm. 

99 

107 ) 

0.44 

0.33 

11 


140 

143 i 

0.20 

0.14 

12 


121 

126 j 

0.22 

0.26 

13 


143 

147 ! 

0.14 

0.13 

14 


145 

149 ! 

1 

0.10 

0.12 

Mean 


128 

133 1 

) 

0.21 

0.21 


retention technique for collecting the secretion. Accordingly we performed 2 
series of experiments by this method, using P in doses of 1.0 and 0.5 mgm. per 
kgm. respectively. The results are compared in table 4 Avith corresponding data 
from the continuous collection exiDeriments. 

Although the durations of the 2 groups of retention experiments (line 3) were 
not significantly different, on the average, from those by the other procedure, the 
total volume of precipitated mucus per expeifmcnt (line 2) and the rate of mucus 
secretion (line 4) are both distinctly le.5S in the retention group. In terms of total 
volume of precipitated mucus, the differences are 47 and 58 per cent of the median 
values for the 1.0 and 0.5 mgm. do.sages respectively; in tenns of secretory rate. 
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they are 58 and 98 per cent. Because of the crude metliod of measuring mucus 
output, and the fact that the frequencies (number of experiments per group) are 
never greater than 9, these differences are not subject to reliable statistical evalu- 
ation. Their validity, however, is confirmed by the data on maximum and mean 
acidities — both free and total (lines 6 and 7). For both of these criteria and for 
both the dosages of P, the retention data are invariablj’’ greater than the corre- 
sponding continuous collection data; the greatest of these differences is 25 per 
cent of the median, the least is 10 per cent. The differences in terms of mean 
acidity are greater than in terms of maximum acidity, and since the latter data 

TABLE 4 


Comparison of sccrclonj rcspo7iscs to pilocarpine xoHh different methods of collecting gastric 
juice {data reported as averages for entire groups of comparable experiments) 



Dosn or PI 

1.0 Tngm./kpm. 

LOCABPLSX 

OJ mgm./kgm. 

Method of collection 

Continuous 

Retention 

Continuous 

Retention 

1. Number of e.xpcrimcnts per group 

9 

9 

9 

S 

2. Total volume of precipitated mucin per expert- 





ment (ml.) 

1.22 

0.75 

l.OG 

0.47 

3. Total duration of secretion per experiment 





(hours) 

4.00 

4.03 

2.81 

3.06 

4. Rate of mucin secretion (ml. per quarter 





hour) 

O.OSl 

0.047 

0.099 

0.034 

5. Total quantity of acid (mcq. X 10“’) 

2.01 i 

2.94 

1.77 

1.74 

Free/Total 



1.93 

l.SS 

G. Maximum acidity (niN) 

111 

125 

119 

133 

Free/Total .' 

119 

140 

12G 

140 

7. Mean acidity (mN) 

84 

105 

102 

122 

Free/Total 

94 

120 

112 

130 

S. Total volume of fluid per experiment (ml.). . . 

23.4 

27.5 

17. G 

15.5 

9. Rate of fluid secretion (ml. per quarter hour). . . 

5.85 

G.82 

G.2G 

5.07 

10. Blood per experiment (crude index) 

10 

15 

8 

7 

11. Number of vomitings per experiment (crude ' 





index) 

4.3 

3.2 

1.1 

0.3 


are based on fewer than 25 values, thej"- also are not subject to statistical analysis 
with any degree of confidence. The mean acidities, on the contraiy, are calcu- 
lated for frequencies which vaiy from 98 to 145 specimens per group of experi- 
ments. For such frequencies, the usual significance test for the difference of 2 
means is acceptable, and its application indicates that all 4 mean acidit 3 ’’ differ- 
ences are significant at the 5 per cent level of probability. Comparative experi- 
ments of this kind were not performed with the lower dosages because of the verj”- 
small quantities of secretion which these yield and the consequent increase in 
variability of the obsen'ations. 

From these findings it may be concluded that, for a given dose of P, the reten- 










144 


FEANKLIN HOLI/ANDER AKD JTJLITJS STEIN 


tion teclanique yields both higher acidity values and lower mucin values than 
does the continuous collection procedure/ the data being in accord with the idea 
that these higher acidities result from diminished secretion of, and neutralization 
by, mucus. It is interesting that, in-espective of the dosage, the amount of 
bleeding and the frequency of vomiting appeared to be less in the retention 
expeiiments than in the others, even though the quantitative validity of such 
differences cannot be established. Apart from the influence of these two factors, 
however, the greater lowering of acidities (from the characteristic value for the 
parietal fluid, about 167 mN) in the continuous collection experiments must be 
ascribed to the mechanical stimulation of the mucus cells by the collection 
catheter. Elimination of this stimulus results in a diminished output (or secre- 
toi 3 * rate) of mucus and consequent elevation of acidity. Were it possible also 
to inhibit specifically the motor effects of the P, these differences between the two 
groups of experiments involving the same dosage of P but different collection 
techniques would be even greater, i,e,, the mucin contents of the retention experi- 
ments would be less and the acidities higher than those actually observed. 

Discussion, We have found that P, in doses of 0,5 and 1,0 mgm, per kgm,, 
yields concentrations and amounts of HCl, which, though l&ss than those given 
by 0,3 mgm, of H per kgm,, are of the same order of magnitude. No experiment 
was performed unless there was a complete absence of acid secretion prior to 
injection of the stimulus, and at no time were 2 stimuli superimposed on each 
other, P^e^^ous investigators failed to take the first of these precautions, and 
several actually report the simultaneous administration of P with H or food (17). 
Hence the present study reflects solely the stimulating power of P. As for the 
secretion of water, the H data are actualty intermediate between those for P at 
the 2 upper dosage levels, but the smaller amounts of both HCl and water, 
obtained with lower doses of P, in no way affect the conclusion that, under 
suitable conditions, P stimulates the flow of gastric HCl and fluid in amounts com- 
parable Vyith H. The responses from different^ innervated pouches were essen- 
tially the same, consistent vith the obser%'ations of others. The identity of the 
acid/''chloride relations for P and H secretion affords further evidence of the 
essential similarity of these two types of secretion. 

Besides the dosage of P, two other factors are responsible for the low concentra- 
tion of HCl relative to the H results. One is the lower rate of acid secretion, 
which ordinarily is correlated positively uith acid concentration (3, 13), but this 
was offset by the greater duration of response to a single injection, at higher 
dosage. As a result the total quantities of acid in the P and H groups were in 
better agreement than were the corresponding concentration data. The second 
factor is the greater rate of mucus secretion under the influence of P. Our data 
(7) indicate that the buffer capacity of this secretion maj’^ be even greater than has 
hitherto been reported; hence though the quantative re.sponse of the parietal cells 

< Indi^ndual acidities of the continuous collection experiments with P never quite 
attained the highest values of the H experiments (149/1.52 mX), The retention experi- 
ments, however, actually exceeded these values; with 1.0 mgm. of P the highest individual 
aciditj' was 155/100 rnX, and with 0.5 mgm. of P it was practically identical 15G/1G0 mX), 
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may be the same for a pair of P and H experiments, the greater activity of the 
mucus cells in one of this pair must lower the acidity throughout that experi- 
ment. Had we not taken pains to minimize mucosal irritation and trauma, the 
observed acidities would have been even lower for any set of experimental 
conditions. Hiese factors, and the several methods of analysis applied to our 
data on acid output, seiwe to explain the conflicting results reported by previous 
investigators of these phenomena. 

Concerning mucus output the picture is more involved. P clearly induces 
greater activity of the mucus cells than does H, as shomi by the relative rates of 
secretion of visible mucin and the data on dissolved organic solids, even for the 
lower dosages of P. Had the drj’- weight determinations been performed on speci- 
mens of higher acidity, the values for organic sohds would have been even lower 
— because of the negative correlation between the concentrations of dissolved 
solids and HCl (4) — but the difference between the 2 stimuh would probabty 
have persisted in some measure. Hence P administration undoubtedly increases 
the output of mucin but there must be considerable doubt about the mechanism 
of stimulation. In general, P exercises a vagomimetic function in the stomach 
but histological evidence for the parasympathetic innervation of the mucus cells 
is lacking. . Othervdse one might expect the output of mucus to be considerably 
greater after P than bj'' "spontaneous” secretion, but this proves not to be so.® 
Even the volume of mucin relative to that of fluid in the P e.xpeiiments is small, 
the ratios being 0.052, 0.060, 0.093, 0.111 and 0.125,,for descending dosages. 

It has been reported by Uschakow (15) and Vineberg (16) that electrical 
stimulation of the vagi gives acid secretion if the induced current be strong, but 
mucus (frequently followed by acid) if it be weak. The data from lines 2 and 4 
of table 1 are not at all consistent vith this differential reaction because the values 
decrease with decreasing dosage; also, though the mucui: fluid ratios rise mth 
diminishing dosage, this results from decreasing fluid volumes rather than in- 
creasing mucin volumes. On the other hand, the experiments of table 4 demon- 
strate that a large portion of the mucus output is the result of mechanical 
stimulation of the mucosa by the catheter. Observations on humans (2, 11) and 
on gastric fistula dogs (1) have shomi that increased motility, even of hunger 
contractions, increases the “spontaneous” secretion of mucus. Hence, another 

® We have compared the rate of mucin secretion for tlie various groups of P experiments 
(table 1, line 4) with similar unpublished data on the rate of “spontaneous” secretion of 
mucin, measured by continuous collection IS to 24 hours following the last meal. With P, 
the rates (in ml. per quarter hour) vary from 0.046 to 0.099; “spontaneous” mucus secretion 
in the absence of free acid (pH 6.0) has a mean rate of 0.10 (20 exps.), and when accompanied 
by acid secretion (pH 3.0) of 0.03 (17 exps.). The non-acid values represent viscous mucus, 
whereas the acid values are for insoluble mucin. Had the non-acid “spontaneous” speci- 
mens been acidified and centrifuged, their values in terms of precipitated mucin would 
probably have averaged between 0.05 and' 0.07 ml. per quarter hour. If the resting secre- 
tion of acid is actually psychic, and therefore vagal, we might expect that the mucus 
cells would .also, be stimulated vagally in such experiments and that the acid' specimens 
would contain more mucin than the non-acid ones. The fact that the reverse Is true casts 
further doubt on the parasympathetic innervation of the columnar epithelium. 
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large fraction of the mucus output after P must be ascribed to such mechanical 
expression; elimination of the motor component of the response to P without 
interfering with the secretoiy component w'ould probablj^ reduce the rate of mucus 
secretion to an exceedingly^ low value. H induces no motor activity (12) and 
therefore only a negligible amount of mucus secretion (6, 14). ^^diether the 
output of P mucus can ever be lowered to the level of the H experiments can be 
established conclusively only by the selective elimination of these secondary 
mechanisms of stimulation; in the light of the reduction already effected by use 
of the retention technique of collecting secretion, it seems not at all improbable. 
Hence it may be concluded that (1) a major part of the mums secreted in the P 
experiments is slimxdated mechanically, in several ways, and (£) it is doubifid whether 
any of this secretory activity is induced by direct action of the drug at the neuro- 
glandular junction. 


SUMMARY 

1. Pilocarpine, w4ien injected subcutaneously into stomach pouch dogs in 
adequate dosage, stimulated the flow of gastric HCl and fluid in amounts com- 
parable with those evoked by histamine. Tlie secretory-time curv'^es w'ere 
generally irregular but were characterized by relatively long latent periods and 
total durations of response to a single injection. 

2. Administration of pilocarpine was accompanied also by the secretion of 
gastric mucus in considerable quantity, especially when the continuous collection 
technique (with a catheter in situ throughout the experiment) was employed. 
The rate of secretion, however, did not differ materially from that of the “spon- 
taneous” secretion of mucus in acid-free pouches. Furthermore, a major part 
of this mucus-secretory activity' was eliminated W'hen the retention technique 
was used for collecting the pouch contents (in the absence of a solid collecting 
device), thus demonstrating the mechanical (in contradistinction to direct 
phaimacological) origin of the mucus which is ordinarily' evoked by' this stimulus. 
Evidence from other laboratories indicates also that a considerable part of the 
mucus is squeezed out from the surface epithelial cells by' the muscular activity 
induced by the pilocarpine, even in the absence of rubbing by' a foreign body'. 
Hence it is questionable w'hether any' of the mucus-secretory actmty' is induced 
by' direct action of the pilocarpine at the neuro-glandular junction. 

•3. In agreement with previous ohseivations, high dosages of the drug (0.5-1 .0 
mgm. per kgm.) induced restlessness, salivation, mucosal bleeding, vomiting 
and defecation. Oozing of blood in the pouch occurred to a greater extent in 
the continuous collection experiments than in those performed by' the retention 
technique. 

4. This investigation gives further evidence of the importance of the retention 
technique for certain kinds of quantitative investigations of ga.stric secretion. 

The authors w'ish to thank Max Saltzman and Robert Felberg for their as- 
sistance in the early' part of this investigation. 
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Lewis considered the theory of “limited potential differences” as an explanation 
of the electrocardiogram to be established by the observation (1) that the initial 
deflection of extras 3 ’-stoles elicited from the endocardium of the right ventricle 
in the dog was doAimward, while that from the overlying epicardial surface was 
upward. This observation was explained b}’’ assuming that in the first instance 
a limited region of potential difference was created uith the negative poles 
oriented toward the inside of the heart, while in the second instance the dipoles 
were reversed because the primary direction of propagation was from without 
inward. 

The results of experiments on external stimulation of the right and left ven- 
tricles, summarized in other papers (2, 3), suggest that there is another inter- 
pretation of the phenomenon described bj’’ Lewis. Extrasystoles elicited from 
the right ventricle do show downward initial deflections in certain leads when the 
surface Is stimulated at almost any point except in an area around its center. 
(By the center of a ventricle is meant that region of its surface at its lateral 
border which is equidistant from all points along the septum.) These domiward 
deflections have alread}' been shomi to have their origin in excitation of the left 
ventricle (2). 

Converselj', it has been shown that extrasj'^stoles elicited from the left ventricle 
.show domiward initial deflections in all leads onlj^ when the point of stimulation 
is in a restricted area at the center of that ventricle. When other points are 
stimulated the resulting initial deflection is upward in some leads, and this de- 
flection has been shown to arise from excitation of the right ventricle (3). 

The suggestion arising from these observ'ations is that downward initial de- 
flections produced b}’’ stimulation of the endocardial surface of the right ventricle 
might also have the same origin as the domiward deflections induced by stimula- 
tion of the external surface, nameljq e.xcitation of the opposite ventricle. Other 
experiments on this topic throw no certain light on the subject (4, 5). 

‘ This investigation was supported in part by a grant from the Fluid R.esearch Funds 
of tlic Yale University School of Medicine. 

- This paper was submitted with the original electrocardiograms as evidence of the 
results obtained. As a measure to conserve space and material the authors were requested 
to substitute for them a single figure (fig. 1) in which the results are illustrated by means 
of line drawings. These drawings follow as closely as possible measurements taken from 
actual electrocardiograms. 
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Methods. Thirteen dogs were employed, prepared as previously described (6). An 
electrode holder was made to hold in juxtaposition two dipolar electrodes. One limb was 
inserted into the ventricle through the auricle and the other limb was applied directly 
opposite it on the external surface of the heart. By means of a thyratron stimulator, con- 
nected to the electrodes through a commutator, extrasystoles could be elicited from points 
directlj”^ opposite each other on the endocardium or the epicardimn. Both the right and 
the left ventricle were e.xplored. Electrocardiograms were taken from leads I and III, 
the lungs being fully expanded and the edges of the skin and subjacent muscles approxi- 
mated with clips. 

Results. A. Regions in which initial deflections of endocardial and epicardial 
extrasystoles were in same direction. The first result of these expeiiments was the 
finding that in most regions of the heart stimulation of the endocardium and the 
overlying epicardium 3delded complex^ in which the initial deflections were not 
oppositely directed as Lewis found, but were the same. These complexes varied 
only in that the QRS interval of intemallj’^ excited extrasystoles from the left 
ventricle was less than QRS in externall3'’ elicited extras3’’stoles from the same 
ventricle. 

T^Tien the center of the right ventricle Avas stimulated the initial deflection 
Avas, as usual (7), upAA'ard in leads I and III Avhen the stimulus w^as externally 
applied (fig. 1, 1 out). It AA^as also upu'ard AA^hen the endocardium was stimulated 
(fig. 1, 1 in). When the center of the left A^entricle Avas stimulated, extrasystoles 
from the outside shoAved doAAmward initial deflections in leads I and III (fig. 
1, 3 out) (7). Extrasystoles elicited from the endocardium shoAved also a doA\Ti- 
AA'ard initial deflection (fig. 1, 3 in). 

"i^flien points along the anterior septum A\;ere stimulated externally, lead I 
shoAved a doAvnAvard initial deflection, AA’hile lead III shoAved an upAvard initial 
deflection (7). When subjacent points were stimulated on the interior of the 
heart, either in the right ventricle or in the left A^entricle, the initial deflections 
of the resulting complexes Avere similarly doAvnAA'ard in lead I and upAA’^ard in lead 
III. The direction of the initial deflections Avas therefore the same, Avhether the 
endocardium or the epicardium Avas stimulated (fig. 1, 2 in and out). 

Complexes elicited by stimulating the endocardium of the right A^entricle and 
the OA'^erl3dng epicardium at the posterior septum Avere also identical Avith re- 
gard to the direction of initial deflections (fig. 1, 4 out and in). Because of 
technical difficulties, the endocardium of the left A’-entricle at the posterior sep- 
tum Avas not stimulated. 

Epicardial and subjacent endocardial stimulation of numerous points OA’^er the 
entire anterior right ventricle gaA'^e extrasystoles in AAdiich the initial complexes 
were also in the same direction. The configuration of extras 3 'stoles elicited by 
stimulation of the epicardium in this region has alread 3 ’’ been described (2). In 
lead III there is no change as the electrode is moA'^ed lateral^'' from the anterior 
septum. In lead I there is a change from the doAATiAvard] 3 ’^ directed initial com- 
plex characteristic of an anterior septal extras 3 ^stole to the extras3fstole produced 
by stimulation of the center of the right A*entricle, in AA'hich the initial complex is 
directed upAvard. In this transition the initial doAAmAvard deflection becomes 
smaller and an upward deflection appears folloAAung it, AA^hich increases in ampli- 
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tude as the point of stimulation approaches the center. The complex ’thus ap- 
pears to have a Q of diminishing amplitude and an R wave of increasing 
amplitude. The same sequence was found when subjacent points on the endo- 
cardium were stimulated, and no points were found at which the initial deflections 
of epicardial and endocardial extrasystoles were oppositely directed. The initial 
deflections in lead III were also similarly directed in endocardial and epicardial 
extrasystoles, although of course in this lead there was no change in configuration 
•with change in the position of the electrode (fig. 1, c and d, out and in). 


Out 






Fig. 1. Asemiscljematic .summary of the configuration in the electrocardiogram of e.vtra- 
systoles elicited from epicardial and endocardial points. See text for explanation. The 
relations here depicted hold over a broad belt reaching from the base nearly to the apex. 


B. Regions from vjliich extrasystolcs with divergent initial complexes could he ob- 
tained. (i) Anterior left ventricle. In four experiments the anterior left ventri- 
cle was thoroughly explored. The paired electrodes were moved progressively 
from the center of the left ventricle anteriorly toward the septum. At the 
center of the left ventricle initial comple.\-es of both endocardial and epicardial 
extrasystoles were directed do^raward in both leads I and III (fig. 1,3). As the 
electrode was moved toward the anterior septum, and at the septum, lead I 
remained unchanged both in endocardial and epicardial extra-systoles, which 
showed an initial doumward deflection (fig. 1, e and f, lead I). In lead HI extra- 
.systoles elicited by epicardial stimulation of points between the center of the 
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left A’-entricle and the anterior septum showed the development of a small pre- 
liminary upward deflection (an R ivave) which increased in amplitude as the 
downward deflection (S) decreased, until at the anterior septum onl3" an R wave 
could be found (3). The extras3’'stoles elicited from subjacent points on the 
endocardium showed a similar transition in the development of an R wave. 
There was, however, one significant difference, namel3’’, that the first appearance 
of an R wave occurred nearer the center than in the case of epicardial extras3^s- 
toles. It was therefore possible to find points in the anterolateral region of the 
left ventricle in ivhich, in lead III, an R waA’^e Avas present in the endocardial extra- 
S3"stole, Avhile there ivas none in the epicardial extras3’^stole (fig. 1, f, lead III). 
The area from Avhich such diA'ergent complexes could be obtained Avas con- 
siderabb" greater than that on the right Amntricle. These comple.xes form a strik- 
ing counterpart to the figure published b3’^ LeAvis for the right A’^entricle. 

HaAung found, in earlier experiments, that similar upAA'ard initial deflections in 
extras3'^stoles deriA^ed from epicardial stimulation of the left A’^entricle are 
produced b 3 ’’ excitation of the right ventricle (3), and noting that stimulation of 
the inside and outside A'^aried onl3’’ m that the area 3delding purel3’' doAATiAA'ard 
complexes AA’as more restricted in the endocardium, it AA’^as postulated that the 
upAA'ard deflections of these extras3'’stoles AA'ere also due to excitation of the right 
A^entricle. The anterior right A^entricle AA'as accordingl 3 ’’ cooled b 3 ’’ means of the 
thermal chamber preAdousl3’’ emplo3’'ed (3) (fig. 2, 1 B) AA'hile extras3’’stoles AA’ere 
bemg elicited AA'hich shoAA'ed in conti-ols such upAvard initial complexes. The R 
AA'ave in the normal complexes AA'as reduced in magnitude and the S AA'ave in- 
creased. Similarl 3 ’- the R AA'ave of extras 3 'stoles excited by stimulation of the 
endocardium AA'as reduced greatl 3 ’', AA'hile the S Avave AA'as increased (fig. 2, 1 B). 
Figure 2, 1 C sIioaa'S the return to normal of both the normal complex and the extra- 
S3'stole after cooling AA'as discontinued and the heart Avas alloAved to regain its 
preAuous temperature. 

(m) Posterior right ventricle. In three experiments it AA'as possible to reproduce 
exactty the configurations described b3’' LeAAas for the right A'-entricle. Figure 
1, 4, b, a, 1 shoAA's the changing pattern in lead III of extras3'-stoles elicited from 
the epicardium (out) and the endocardium (in) at four points progressing from 
the posterior septum to the center of the right A'entricle. In both “out” and 
“in” is shoAATi a progression from a complex AAdth doAA'nAvard initial deflection to a 
complex in AA'hich the initial deflection is upAA'ard. In both epicardial and endo- 
cardial extras 3 'stoles this progression includes complexes haA'ing Q AA'aA'es. The 
onl 3 '^ difference is that the area in the endocardium from AA'hich pureb' upAA'ard 
initial deflections AA'ere obtained AA'as more restricted than the area on the epi- 
cardium AA'hich 3 'ielded similar complexes, so that a region exists (fig. 1, a) Avhere 
in lead III a small Q is present in the endocardial but not in the epicardial extra- 
S3'stole. In lead I all these extrasystoles remained the same, shoAA'ing only an 
upi'ight initial complex or R aa'ra'o, and no differences Avere found in the direction 
of epicardial and endocardial extras3'stoles. 

It has alread3' been demonstrated that Q AA'aA'es seen in lead III of extrasystoles 
elicited b3' stimulating the epicardium of the posterior right A'entricle have their 
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origin in excitation of the posterior surface of the left ventricle (2). To test 
whether the similar Q waves in extrasystoles derived from the endocardium in 
the same regions have the same origin, the posterior left ventricle was heated and 
cooled while extrasystoles having Q waves were elicited by stimulation of the 
endocardium in an appropriate region of the posterior right ventricle. The 
virtual disappearance of the Q wave of such extrasj^stoles when the left ventricle 
was cooled (fig. 2, 2 B) and its return when the left ventricle was subsequently 



Fig. 2. 1 A, B,C. Nov. 19, 1942. 6.0 kgni. dog. Lead III. 1 A. Shows an extrasys- 
tole elicited bj' stimulating the left ventricular endocardium at a point near the anterior 
septum. 1 B. Shows great reduction in amplitude of R of the extrasystole by cooling the 
anterior surface of the right ventricle. 1 C. Shows return of R in the extrasystole when 
the right anterior ventricular surface returns to the normal temperature. 2 A, B, C. 
Nov. 24, 1942. 9.5 kgm. dog. Load III. 2 A. Shows a Q in an oxtrasystole elicited bj” 
stimulating the right ventricular endocardium at a point midway between the lateral mar- 
gin and the posterior septum. 2 B. Elimination of Q of extrasj'stole by cooling the pos- 
terior surface of the left ventricle. 2 C. Return of Q in the extras 3 'stole b\' warming the 
surface of the posterior left ventricle. 

warmed (fig. 2, 2 C) indicate that the Q wave of endocardial extras 3 ^stoles origi- 
nates in the left t'entricle just as does the Q wave of epicardial extras 3 ''stoIes. 

Disca;ssiox. In these experiments only^ two i-egions of the ventricles were 
found in which there is divergence in the direction of the initial deflection of 
extra.swstoles elicited from the endocardium and overhung epicardium. These 
are areas in the iiosterior part of the right ventricle near the lateral margin of the 
heart, and in the anterior portion of the left ventricle, also near the lateral border. 
Here there i.s divergence onl.y in lead III, and confonnity in lead I. In all other 
regions of the heart studied no divergence was found in the direction of the initial 
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deflections of extrasj’-stoles from endocardial and overlying epicardial points in 
either lead I or lead III. 

The divergence in right ventricular extrasystoles consists in the appearance 
of a small Q ivave in endocardial extrasystoles while epicardial extrasystoles still 
show onlj' an E, wave. This appearance of a Q wave in endocardial extrasj'^s- 
toles is part of a transition in lead III from complexes elicited at the lateral mar- 
gin, which show only an R wave, to complexes elicited at the posterior septal 
region, in which R has been completelj” replaced by a Q wave. This transition 
is the same as that undergone by epicardial extrasystoles, the only difference 
being that a Q wave appears in epicardial extrasystoles at points a few milli- 
meters nearer the posterior septum than those in the endocardium which first 
show Q waves. Stated in another way, the region in the center of the right ven- 
tricle which on stimulation gives exclusively upright initial complexes is more 
restricted in the endocardium than on the epicardium. 

The region at the center of the left ventricle which on stimulation gives ex- 
clusively’^ downward initial complexes is also less extensive in the endocardium 
than on the epicardium. The transition from a purely downward complex in 
lead III to a purely upv'ard complex in that lead, wliich takes place as the point 
of stimulation is moved from the center of the left ventricle to the anterior 
septum, therefore began nearer the center in endocardial extrasystoles. There 
is thus a region near the anterior left lateral margin in which the endocardial 
extrasystole shows a small R while the initial complex of the epicardial exti*a- 
systole is still exclusively dowmvard. 

The appearance and progressive increase in amplitude of a Q wave as points 
of stimulation on the epicardium of the right ventricle approached the septum 
suggested that the Q wave was derived from the excitation of the left ventricle. 
This concept of the origin of Q was proved by the readiness with which this wave 
could be increased or decreased or abolished by appropriate treatment of the left 
ventricle (2). In the present experiments the similarity of progression of the Q 
Avave in endocardial extrasj’stoles from the right ventricle suggested that these 
Q Avaves also had their origin in the left ventricle. The fact that heating and 
cooling the left ventricle caused important modifications in the Q AvaA’e of such 
endocardial extrasystoles confirms this A’ieiv. These experiments offer no sup- 
port to the A’ieAv that such Q Avaves arise from conduction of an impulse from 
endocardium to OA’erlying epicardium in the right A’entricle. 

In a similar Avay it aa’RS demonstrated that the appearance and progressh’e in- 
crease in amplitude of an R AvaA’e in lead III, AA'hen points on the endocardium 
of the left A’entricle Avere stimulated, A\’as due to the progressh’ely earlier actiA’a- 
tion of the right A^entiicle. Heating and cooling of the right A’entricle modified 
the R AvaA’e of endocardial left A’entricular e-xtrasystoles just as they modified 
epicardial extrasystoles (3). Here again results are inconsistent AA’ith an ex- 
planation of the R AvaA’e on the basis of its origin in the left A’entricle in an impulse 
traA’elling from endocardium to epicardium. 

It Avas observed frequently that the QRS inteiwal of left endocardial A’entri- 
cular extrasystoles AA'as definitely’ shorter than that of corresponding epicardial 
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ext^as 3 ^stoles. This indicates that conduction to the opposite ventricle takes 
place more rapidty when the endocardium is stimulated than when the extra- 
sj’-stole arises in the epicardium. If this be so, it can be understood why points 
were found on the endocardium near the lateral border of the left ventricle from 
which extrasj’^stoles were obtained showing small E- waves, while extrasystoles 
from overlying points on the epicardium do not show R waves. Divergence in 
the direction of the initial deflection of right ventricular extrasystoles from 
endocardium and epicardium must also arise from a slightl}'- more rapid spread of 
excitation to the left ventricle when the endocardium of the right ventricle is 
stimulated than when an overl 3 dng epicardial point is the locus of stimulation. 

It is to be remembered that in Lewis' experiments standard indirect leads were 
not employed, but that leads were placed on opposite sides of the chest, in line 
with the electrodes, to create optimum conditions for recording a limited po- 
tential arising in the endocardium. The situation is somewhat different in the 
present experiments. Lack of conformit 3 ’^ in initial deflections of epicardial and 
endocardial extras 3 '’stoles was not found in regions which are lined up with the 
external leads. Thus lead III Ls known to be in line wdth the centers of the 
anterior right ventricle and the posterior left ventricle (8). The areas showing 
divergence in this lead were, hownver, found in the posterolateral region of the 
right ventricle and the anterolateral region of the left ventricle. These latter 
regions are in line with lead I, which failed to show any divergence betw'een endo- 
cardial and epicardial extrasystoles. 

SUMMARY 

1. The configuration, in leads I and III of the electrocardiogram, of ventricular 
extrasystoles elicited b 3 ’' stimulation of points on the endocardium and the im- 
mediately opposite epicardium has been studied. 

2. The direction of initial deflections of endocardial and epicardial extrasys- 
toles w*as the same in both leads I and III over most of the surface of the heart. 
These regions included (1) the area over the septum, both anterior and poster- 
ior; (2) an area on the lateral margin of each ventricle, w-hich is referred to as the 
center of the ventricle because it is equidistant from the septal margins, and (3) 
the entire anterior surface of the right ventricle. 

3. The direction of initial deflections in lead I of the epicardial and endocardial 
extras 3 'stoles w^as also found to be the same over the entire posterior portion of the 
right ventricle and the anterior part of the left ventricle. 

4. The direction of initial deflections in lead III of epicardial and endocardial 
extras 3 'stole 3 w’as the same over much of the posterior portion of the right ven- 
tricle and the anterior part of the left ventricle. 

5. Two areas w'ere found, of the anterior left ventricle toward the left lateral 
border and the posterior right ventricle towmrd the right lateral border, where 
the initial deflections of endocardial extrasv'stoles were opposite to those of extra- 
s 3 'stoles from immediateb^ overb'ing epicardial points. 

G. These oppositeh' directed initial complexes of extrasystoles elicited from 
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such regions of the endocardium were shomi to arise, as do the similar complexes 
from stimulation of near-by epicardial points, from excitation of the opposite 
ventricle. 
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The development of an extensive glomerular filtering bed in the mammalian 
kidney has necessitated the parallel development of a similarly extensive tubular 
reabsorptive surface. The salvaging of "vvater, salts, glucose, amino acids and 
other constituents of value from the glomerular filtrate constitutes a problem of 
homeostasis fully as important as that of excretion of waste materials. Quanti- 
tatively, reabsorptive processes outweigh purely excretoiy ones. 

The presence of amino acids in the circulating plasma in appreciable concen- 
trations and their almost complete absence from the urine under normal condi- 
tions point to an efficient renal mechanism for the reabsorption of these suId- 
stances. Studies that have been made of excretion following administration of 
amino acids have not been such as to contribute to our knowledge of the kinetics 
of the reabsorptive system (IQrk, 1936; Doty, 1941). The importance of amino 
acids in the general economy of the body lends interest to such a stud}’’, while 
recent advances in therapy invohing the parenteral administration of amino acids 
add an element of practical importance (Elman, 1937). 

Experiments designed to outline the characteristics of the reabsorptive sj-stem 
in the dog for the amino acid glycin are presented in this paper. It has been 
found that glycin is reabsorbed from the glomerular filtrate by a stable active 
chemical transport mechanism which e.xhibits, as does the glucose reabsorptive 
system (Shannon and Fisher, 1938) limitation of transfer capacity. Creatine, 
which may be considered as a substituted glycin, is reabsorbed by the same mech- 
anism . Hence, when either or both of these substances are presented to the renal 
tubules in increased amounts, they compete for the common reabsorptive S 3 'stem. 

Experimental procedure. Observations have been made on four well 
trained female mongrel dogs. During the experiments thej’^ were looseb' re- 
strained on a comfortable animal board. Urine collections were made with the 
use of an indwelling catheter. Collection periods were 1 0 minutes in length, and 
if the urine flow amounted to less than 10 cc. per minute, the bladder was washed 
out and the washings added to the original urine. Since peripheral tissues may 
absorb large amounts of amino acids (Van Sb'ke and !Me\'^er, 1913) leading to 
significant arterio-venous differences, all analyses were performed on arterial 
plasma. Arterial blood sampling at the exact mid-point of each urine collection 
period Avas greatlj’ facihtated bj* the use of an indwelling femoral arterial needle 
fitted Avith a tight stjdet. Constant creatinine and varying amino nitrogen con- 
centrations in the plasma AA-ere obtained hy infusions administered through the 
saphenous vein by means of a motor driA'en pump. Water, in amounts of 50 cc. 
per kgm., Avas administered per os 60 minutes prior to the start of the experiment. 

loG 
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Observations have been made vith both rising and falUng plasma concentra- 
tions of amino nitrogen. During any given period of observation, however, 
change in concentration has lieen restricted. This has been accomplished by 
administering infusions of various concentrations at constant rate for a period of 
20 minutes prior to the start of experimental periods to establish approximate 
equiUbrium. In those experiments in which high plasma levels were attained 
initially, an appropriate priming dose was given before starting the infusion. The 
slow rate of change of plasma concentration coupled with uniformlj^ high rates of 
urine flow render dead space errors negligible. ; 

Chemical methods. For amino acid determination plasma and diluted urines 
were treated vith dialyzed, purified urease and a 1:6 picric acid filtrate 
was prepared. The ninhydrin gasometric determination of Van Slyke, Dillon, 
MacFadyen and Hamilton (1941) as modified by Hamilton (1942) was applied to 
the urea-free filtrate. Creatinine, creatine and glucose analj^ses were performed 
on iron filtrates of plasma (Steiner, Urban and West, 1932) and on diluted urines. 
Creatinine analyses were jDerformed by the Folin and Wu (1919) method and 
creatine by the acid hj'-drolysis method as modified b 3 >- Pitts (1934). The colors 
were read on an Eveljm colorimeter exactty 10 minutes after the addition of 
alkaline picrate to each tube. Glucose was determined by the Folin (1929) 
method as modified b}^ Shannon, Fai'ber and Troast (1941). Para-amino- 
hippuric acid was determined on cadmium filtrates (Fujita and Iwatake, 1931) by 
the method of Finkelstein, Aliminosa and Smith (1941). Urine pH measure- 
ments were made in se^"eral experiments using a glass electrode without precau- 
tion to prevent escape of carbon dioxide. All analyses were performed in dupli- 
cate and if adequate checks were not obtained additional duplicates were run. 

Results. The basis for measiirernent of amino nitrogen reabsorption. The 
creatinine clearance has been used as a measure of glomerular filtration rate 
under conditions favorable for maximum accuracy, namely, constant plasma 
concentrations between 30 and 40 mgm. per 100 cc. The amount of amino 
nitrogen filtered at the glomeruh per unit of time is calculated as the product of 
the plasma concentration in milligi-ams per cubic centimeter and the rate of glo- 
merular filtration in cubic centimeters per minute. The amount excreted is equal 
to the product of urinaiy concentration in milligi’ams per cubic centimeter and 
urine flow in cubic centimeters per minute. The amount reabsorbed is obviously 
the difference between these two quantities. 

The characteristics of the reabsorptive system for glycin amino nitrogen. The es- 
sential data from 3 experiments on dog 1 are given in table 1. It maj’’ be seen by 
referring to experiment 12 of this table that normalb^ more than 98 per cent of 
filtered amino nitrogen is reabsorbed. As the plasma concentration is raised by 
the infusion of glycin the amount reabsorbed fails to increase in proportion to the 
amount filtered and excretion becomes appreciable. Both excreted and reab- 
sorbed moieties continue to increase until the latter reaches a limiting value of 
approximately 21 mgm. per minute. Further increases in the amount filtered are 
accompanied by proportionate increases in the amount excreted. When the 
amount filtered exceeds that amount necessary to saturate the reabsorptive 



TABLE 1 

Experiments on a normal dog which show the relationship between the amount of glycin amino 
nitrogen fdlered and the amounts reabsorbed and excreted 


All infusions at a rate of 5 cc. per minute. Dog I; 18.7 kgm; S.A. 0.72 sq.m. 
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sj^stem (between 30 and 35 mgm. per minute filtered) either gradual increase or 
gradual decrease of plasma concentration is ^^'ithout effect on the quantity re- 
absorbed (expt. 8). 

All of our observations on dogs 1 and 2 are plotted in figures 1 and 2. Less ex- 
tensh’^e observations on two other dogs are in complete qualitative agreement. 
These figures illustrate well the gradual approach to a maximal rate of reabsorp- 
tion for glycin amino nitrogen (Tm) and the consequent gradual increase in ex- 
cretion. These characteristics serve to distinguish sharply the amino nitrogen 
reabsorptive mechanism from the glucose system. According to Shannon and 
Fisher (1938), glucose realisorption keeps pace with filtration until the maximal 



Fig. 1. The renal reabsorption and excretion of glycin amino nitrogen as a function of 
the quantity filtered in dog 1. 

rate of reabsorption is attained. Excretion then begins and increases exactly in 
proportion to the excess filtered. 

The amino nitrogen reabsorptive system appears to be no less stable and re- 
producible than the glucose system. The experiments shown in figures 1 and 2 
were carried out oveir a period of 3 months and the limited scatter of the data is 
evidence of stability of the mechanism. The maximal reabsorptive capacitj’’ for 
glycin amino nitrogen, however, is characteristic for a given animal. For four 
dogs the values are 13, 17, 21 and 23 mgm. per minute. All dogs were between 16 
and 19 kgm. in weight Awth surface areas of about 0.7 sq.m. Thus the maximal 
reabsorptive capacity in mongrel dogs is not a simple function of surface area or 
body weight. The reabsorption of amino nitrogen was in no way conditioned in 
these experiments by the reaction of the urine, for pH measurements showed onl}’- 
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negKgible variations within limits of pH 6.3 and pH 7.2, and seemed more cor- 
related with urine volume than with amino acid content. 

Competition hetweeri glycin and creatine for a common reabsorptive system. 
Tubular reabsorption of creatine is indicated by its absence from the urine under 
normal conditions and b}' the progressive increase in clearance as the plasma 
creatine concentration is raised (Pitts, 1934). Recalculation of the data pre- 
sented in that paper shows that at plasma concentrations up to 100 mgm. per 100 
cc., the quantity reabsorbed still increases in the face of marked excretion. This 
superficial resemblance of the reabsorptive processes for creatine and gljmin and 
the fact that, chemically, creatine may be considered as a substituted methyl 
gl 3 ’’cin, suggested the possibility that a single tubular transfer mechanism might 



AMINO NITROGEN FILTERED MGUyMIH. 

Fig. 2. The renal reabsorption and excretion of glycin amino nitrogen as a function of 
the quantity filtered in dog 2. 

be common to the two substances. The experiments presented in table 2 on dog 
3 indicate that the prediction is correct. In experiment 21, the concentration of 
creatine in the plasma tvas raised to such a level that accurate anal3^se3 could be 
made in the presence of creatinine. In the first two periods, at noimal plasma 
amino nitrogen levels, 2.7 mgm. of creatine were reabsorbed per minute. A-s 
pla.sma amino nitrogen concentrations were raised by progressive^^ increasing the 
gb'cin content of the infusions, the amount of creatine reabsorbed diminished. 
In the last two periods of experiment 21, upon saturation of the tubular transfer 
S 3 -stem with amino nitrogen, creatine reabsorption dropped to zero. In experi- 
ment 22 the infusion of larger amounts of creatine appimlmateb' doubled the 
quantit 3 - reabsorbed. Again reabsorption dropped to zero on administering large 
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amounts of glycin. These experiments indicate that glycin and exogenous 
creatine compete for a common reabsorptive sj^stem. Experiment 23 duphcates 
experiment 22 as nearly as possible except that both creatine and creatinine were 
omitted from the infusions. Creatinine Avas omitted in order to analyze, Arith 
some fair degree of accuracy, the endogenous apparent creatine of plasma. 
Since the glomerular filtration rate AA'as unlaioAA'n, amounts filtered and reab- 
sorbed could not be calculated. HpAA'eA’’er, an increase in the amount excreted 
from 0.008 mgm. per minute in the control periods to 0.251 mgm. per minute 
after glycin, is indicative of the fact that glycin and endogenous apparent creatine 
are reabsorbed bA’' the same mechanism. These experiments should well disturb 
those gi’oups of inA^estigators aa’Iio study precursors of creatine b3' feeding A^arious 
amino acids and note only the elimination of excess ci’eatine in the urine. In fact 
the use of such a method of approach in anj*^ metabolic study cannot be too 
heartilj^ condemned, for it neglects possible direct alterations of renal function. 

The corollaiy of experiment 23, namel 3 ’-, increasing plasma creatine to high 
leA'^els and stud3nng normal amino nitrogen excretion has been performed AAuth 
completel 3 ’^ negath-e results. This is interpreted b 3 ’’ us as suggesting a much 
greater affinit 3 ’' of amino nitrogen than of creatine for some common link of the 
reabsorptive chain. It is not unreasonable to presume a rather low affinit 3 ^ for 
creatine in AueAv of the relatiA^el3’’ insignificant amounts reabsoibed at eA'en the 
highest plasma leA^els. 

Alterations in renal function 'produced by glycin. Claims of acute renal damage 
from the administration of large amounts of amino acids have been made (New- 
burgh and Marsh, 1925). Since our animals are all alive, Ave have had no op- 
portunity to examine the kidne 3 ^s microscopicall 3 N Functionally, hoAvever, 
neither acute damage as eA-idenced b3'’ hematuria, nor chronic damage as eA-i- 
denced b 3 ’' reduced glomerular filtration rate or tubular reabsorpth’^e capacit 3 '’ 
haA’e been obseiwed. We haA^e performed some 16 experiments on dog 1, during 
the course of AAfiiich a total of over one kilogram of A^arious amino acids has been 
administered, AAuthout evidence of an 3 ’' chronic reduction of renal function The 
reduction in reabsorption of creatine shown in table 2 cannot be assigned to non- 
specific renal damage for it is manifest in periods 3 and 4 of expeiiment 21 at 
plasma amino nitrogen concentrations Avithin a range attainable after a meat 
meal. 

HoAA'eA’er, significant functional A’ariations in glomerular filtration rate and 
minimum effectNe renal plasma floA\' are routineb'^ obserA’^ed on administration of 
gb^cin, as is eAudent on inspection of table 3. The feeding of meat, casein and 
gb’^cin or the parenteral administration of the latter substance increases the rate 
of glomerular filtration in the dog (Pitts, 1935). Hiatt (1942) has shoAA-n that 
meat feeding in the seal causes an eA^en greater increase in glomerular function and 
a marked increase in renal plasma floAv. The p-amino hippuric acid clearance 
given in table 3 is accepted as a measure of minimum effective renal plasma floAv 
(Finkelstein, Aliminosa and Smith, 1941). It ma 3 ^ be seen that eleA^ation of 
plasma amino nitrogen b3’' infusion of glycin is folloAved b3' progressh' e increase in 
glomerular filtration rate and renal plasma floAv. At moderateb’ eleA’^ated plasma 





Experiments on a normal dog which illustrate competition between creatine and ghjcin amino 
nitrogen for a coimnon reabsorptive mechanism 
All infusions at a rate of 5 cc. per minute. Dog 3; 17.5 kgm; S.A, 0.76 sq.m. 
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levels, renal plasma fiov increased disproportionately to glomerular filtration rate 
so that filtration fraction decreases (ratio of creatinine to p-amino-hippuric acid 
clearance) . At still higher levels filtration fraction returns to the usual figure of 
about 0.30. 


TABLE 3 


Experiments on a normal dog ivliich indicate the types of renal functional change which residt 

from glycin infusion 

All infusions at a rate of 5 cc. per minute. Dog 2; 18.7 kgm.; S.A. 0.71 sq.m. 
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It has been commonlj'’ observed that glomerular filtration rate tends to drop 
when plasma amino nitrogen is maintained elevated for long periods of time. 
This is evident in experiment 8 of table 1 and experiment 13 of table 3. Note also 
in experiment 13 that renal plasma flow diminishes. It is rather surpiising that 
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filtration rate and blood flow are not more seiiously depressed considering the 
severe signs of somatic and visceral disturbance. These .signs include vomiting, 
dilatation and fixation of the pupils, weakness and muscular inco-ordination. Re- 
covery is relatively rapid and essentially* complete within a few hours of the end of 
the experiment. To date no fatalities have occurred as a result of amino acid 
infusion, although, as described in the next section, near fatalities have occun-ed. 

Independence of amino nitrogen and glucose reabsorption. The reabsorptive 
systems for gly’^cin and glucose are similar in so far as both show a limitation of 
maximal transfer capacity. They are different in the way that the limit is ap- 
proached. To decide whether we are dealing vith two distinct sj^stems or vith 
differences in the way two substances are handled by* a common system, experi- 
ments were perfoimed similar to those on creatine. Onty to a degree have our 
experiments been successful. Saturation of the reabsorptive .system vith 
glucose has no effect on reabsorption of nonnal amino nitrogen. Saturation of 
the reabsorptive system with glycin amino nitrogen has no effect on reabsorption 
of noi*mal glucose. Phlorizin in amounts sufficient to produce complete gly^curesis 
does not increase the normal amino nitrogen excretion. These experiments are 
consonant vith the ^dew that the reabsorptive mechanisms are different. How- 
ever, when the plasma concentrations of glucose and glycin were raised simul- 
taneously to saturation levels, a serious collapse of filtration rate occurred. As- 
sociated vith this collapse was an approximately equivalent reduction in both 
glucose and amino nitrogen reabsorptive capacities. To.xic manifestations of high 
plasma glucose and amino nitrogen were extreme, including coma and a rigidity 
of a decerebrate ty*pe. In one instance the animal was put aside for later autopsy, 
only’’ to recover after a few hours with no residual signs of renal impahment. 
The depression of reabsorptive capacity in these experiments we attribute to 
circulatoiy collapse and complete closure of some glomenili, vdth consequent 
reduction in the number of tubules contributing to the reabsorptive capacity of 
the kidney’, and not to competition for a common reabsorptive system. 

Discussiox. Shannon and Fisher (1938) have contributed a simple explana- 
tion of those cellular processes which impose a limitation on tubular reabsorption 
of glucose. With certain modifications, these concepts may’ be applied to reab- 
sorption of gly’cin amino nitrogen. Thei*e is postulated a stable cellular com- 
ponent R, present in fixed amount, with which amino nitrogen A in the tubular 
fluid enters into combination in the course of reabsorption. The decomposition of 
of this compound AB to deliver A into the peritubular interstitial fluid is a first 
order process (fig. 3). If .sufficient A Ls present to completely transform all of B 
into AB, the rate of transfer across the cell becomes constant and limited by’ the 
velocity of this reaction and by* the amount of AB present. This concept e.x- 
plains equally* well a maximal reabsorptive capacity for glycin and glucose. Of 
course substance B is different in the two .systems. 

Shannon and Fisher have assumed for glucose that this second reaction pre- 
cedes rather .slowly’ in relation to the rate of attainment of equilibrium in the 
finst reaction, namely*, the combination of A with B to form AB. If the postulate 
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is reversed, namely, the second reaction proceeds rapidly in relation to the rate of 
attainment of equililirium in the first, the gi-adual approach to a limiting tubular 
reabsorptive capacity for amino nitrogen finds ready explanation. Under condi- 
tions such that free B exists in the cell (incomplete saturation of the reabsorptive 
s.ystem), the amount transferred is limited bj’" the effective rate of combination of 
A (glj’^cin) vith B to form AB. Assuming total B {B A- AB) to be constant, rate 
of transport will depend upon the concentration of A and the specific velocity of 
its combination vith B. The lower this velocity of combination the more 
gradually will the reabsorptive system be saturated. The higher this velocity 


TUBULE CELL 

LUMEN INTERSTITIAL 

FLUID FLUID 



AMINO NITROGEN GLUCOSE 


Fig. 3. A schematic representation of the cellular processes governing the reabsorption 
of amino nitrogen. 5 is a stable cellular component present in limited and fixed amount 
with which substance A (amino nitrogen) in the lumen fluid combines during reabsorptive 
transfer to the peritubular interstitial fluid. The properties of the S 3 '’stem are discussed 
in the text. 

the more nearly will the amino nitrogen system behav^e like the glucose system 
(note arrow^s in the inset graph for amino nitrogen in fig. 3). 

Shannon (1938) has given an alternative explanation of what may be funda- 
mentally a similar phenomenon, namely, the gradual approach to saturation of 
the reabsorptive system for the sugar xylose. X 3 dose and glucose are reab- 
sorbed by a common cellular mechanism, ^mt the characteristics of the twm. 
processes are dissimilar in that xjiose is excreted at all plasma concentrations and 
the amount reabsorbed appears to increase in proportion to concentration over a 
wide range. Shannon assumes that equilibrium conditions are maintained for 
xjiose no less than for glucose. Differences in the tw'o reabsorptive processes are 
then explicable in terms of differences in equilibrium constants for the combina- 
tion of the tw'^o sugars ivith the common cellular element B. Am equilibrium 
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constant for xylose, some 1500 times that for glucose would approximately ac- 
count for the different characteristics of their reabsorptive processes. One might 
assmne an intermediate equilibrium constant to account for a maximal reab- 
sorptive capacity which is reached more gradually for glycin than for glucose and 
more rapidly’’ for glycin than for xylose. We are however inclined toward the 
first ex-planation presented as a result of our further studies on the reabsorption of 
other amino acids to be presented subsequently. 

The competition between creatine and glj’^cin for a common reabsorptive mech- 
anism depends upon the substance B common to both reabsorptive systems. If 
combined vnth gl 3 ’'cin it is unavailable to creatine, and as a consequence creatine 
reabsorption is proportionatelj’- reduced. However, the affinity of glycin for this 
common link must be greater than that of creatine, for large amounts of creatine 
do not depress amino nitrogen reabsorption. 

SUaiMARY 

1. The tubular reabsorption of amino nitrogen has been assessed at various 
arterial plasma levels obtained by the infusion of gK’cin. 

2. Amino nitrogen is reabsorbed bj'^ an active mechanism which exhibits a 
limitation of transfer capacity. The maximal rate of reabsorption is attained 
rather graduall 3 ’- and as a consequence no sharp renal threshold exists. 

3. Creatine is reabsorbed by the same s 3 ’'stem. Competition between creatine 
and amino nitrogen for a common link in the reabsorptive chain brings about a 
reduction in the amount of creatine reabsorbed at elevated plasma amino nitro- 
gen levels. 

4. As a result of this competition for a common renal reabsorptive mechanism, 
studies of creatine precursors based on the feeding of amino acids and the meas- 
urement of excess creatine eliminated in the urine are rendered suspect. 

5. Ii\T)ile the administration of large amounts of ghmin produces marked im- 
mediate alterations in renal function, we have seen no evidence of any chronic 
damage. 

Achnowledgmcni. The author nishes to express his appreciation to IMiss 
Jean Grantham for her painstaking technical assistance, and to Capt. Eugene F. 
Du Bois, M.C., U.S.N.R. and Dr. James A. Shannon for their consti-uctive 
criticism of the manuscript. 
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The problem of man’s acclimatization to heat has claimed the attention of 
numerous physiologists. There seems to be general agreement about some of the 
changes that take place, although the extent of these changes and the reasons for 
them are less certain. Almost all observ-ers agree that working men in hot 
climates have higher blood volumes and interstitial fluid volumes than the same 
men in cold climates. Forbes, Dill and Hall (1940) found this change to be 
slight; Bazett et al. (1940) found it to be great and to come on early. Other 
changes associated vith acclimatization to heat have been reported: Scott etal. 
(1940) noticed a temporary increase in resting cardiac output as well as an in- 
crease in peripheral circulation; Lee (1940) found a decline in heart rate, and 
Burton (1940) observed an initial increase in the heat exchange followed by a 
return to the control level. Many obsen-ations have been made upon the 
changes in the sweat in acclimatization to heat. Dill and his collaborators 
(1933, 1937, 1938) showed a decrease of 50 per cent in the concentration of sodium 
chloride in the sweat of working men, which decrease Johnson et al. (1943) have 
attributed to the lower body temperatures resulting from acclimatization. As- 
sociated with these changes are the obvious alterations in the total amount of 
sweat, the increase in water ingested and the decrease in the urine excretion, as 
noted by Adolph and Dill (1938). Most obsen* ers agree that the process of ac- 
climatization results in an increased output of sweat under a gi^mn set of con- 
ditions— Haldane (1935), AIoss (1923), Adolph and Dill (1938), Dill (1938) 
and Winslow et al. (1938) — in addition to the obvious increased sweating when 
the change is made from one climate to another. On the other hand, ICnipping 
(1923) reported that sweating decreases with acclimatization — a discrepancy 
undoubtedly due to differences in the activities of the subjects. 

In addition to these specific and easily measurable changes, certain others of a 
more general character are knonm to occur. The comfort zone of temperature 
is higher in summer than in vinter (Yaglou, 1927) and with acclimatization a 
man’s ability to do prolonged physical work in the heat improves markedly 
(Robinson et al., 1941). The present study represents an attempt to measure 
quantitatively this improvement in the ability to do work and particularly to 
follow its time relations. How quickly does the improvement occur and how soon 
is it lost when returning to a cooler environment? Some effort was made also 
to determine to what physiological variables this improvement is related. 

’ -■Vcknov.’ledgment. The work described in this p.ipcr was done under a contract, recom- 
mended by the Committee on iUedical Research, between the Office of Scientihc Research 
and Development and the Harvard University Fatigue Laboratory. 

We are indebted to Dr. W. H. Forbes, Mr. F. C. Consolazio, and Mr. W. Holmes for their 
help in earrjdng out the experiments in this study. 
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Procedure. The experiments were carried out in Boston during Februaiy 
and March in an artificiallj’ heated room 'where the temperatui-e was about 104°F. 
and the humidity 23 per cent. In no single experiment reported here on any 
given man did the average room temperature vaiy b 3 ’- more than 0.7°F. nor the 
humidity by more than 2 per cent from the mean for that man’s entire series of 
experiments. The "work consisted of walking on a motor driven treadmill at 
3.5 m.p.h. on a grade of 5.6 per cent for four of the subjects and 4.0 per cent for 
the other man. With two exceptions all walks for each man were at the same 
speed and grade and for the same length of time, the duration being determined 
by the length of time required to exhaust him at the beginning. These walks 
will be referred to below as the standard hot room wallcs. The progi-am was con- 
tinued until the men had trained for 10 to 23 daj’^s. The exceptions to the stan- 
dard walk were b 3 ^ subjects SR and "VITI who on one occasion after acclimatization 
continued walking at the standard grade and speed for three times the duration of 
their original walks. On another occasion these same two subjects walked on a 
higher grade (9 per cent) for their standard length of time. In addition to the 
work periods, subjects HB, ET, and SR spent an additional 3 to 4 hours each da 3 ’ 
in the hot room making observations on other subjects. 

The heat produced b 3 ’' the bod 3 ’' in the walk on a 5.6 per cent grade is about 
30 per cent greater than the heat produced b 3 '’ men in the regular arm 3 ’‘ march on 
the level with pack. The men used as subjects w^ere five laborator 3 ’- workers, all 
of whom were accustomed to walking on the treadmill under ordinaiy laborator 3 ’' 
conditions but none of whom had been exposed to heat since the preceding sum- 
mer. All of them were in such good condition that the 3 " completed a 40 mile 
hike on the road in one da 3 x During all experiments included in this paper the 3 '' 
wore standard arm 3 '' summer cotton trousers, shirt, tie, woolen socks and ser'idce 
shoes. On about half of their da 3 ’-s of acclimatization, subjects HB, ET, and SR 
wore clothing which varied from tliis costume and the resulting data ai’e not 
included in this paper. Pulse rate was determined b 3 ’’ palpation, rectal tempera- 
ture by clinical thermometer, and skin temperature b 3 ’’ four thermocouples fixed 
on the skin, one each on chest, liack, thigh and upper arm. The rate of water 
loss from skin and lungs was determined b 3 '^ w'eighing the nude subject before and 
after work. Metabolic weight loss Avas subtracted from the AA'eight differences. 
Ox 3 ’’gen intake AA’^as determined once during each experiment Ijy collecting and 
measuring the subjects’ expired air and anal 3 'zing samples in the Haldane ap- 
paratus. 

Result.s. The effects of acclimatization on the heart rates, rectal tempera- 
tures, and skin temperatures of the men during the Avork experiments in the hot 
room are sIioaati in figure 1. Except for ET, aaRo AA'alked on the loAA'er grade, the 
men approached heat exhaustion in the early experiments, Arith high skin tem- 
peratures, rectal temperatures of 103° to 104°F., and heart rates averaging 178 
beats per minute during the last 20 minutes of work. It is obAuous from the data 
in figure 1 that repetitions of the constant task increased the comfort and ease 
AA'ith AA’^hich the work could be done. It is significant that about SO per cent of 
the improvement noted is found to haAm occurred in the first 7 da3^s of exposure. 
After 23 da3’’s of acclimatization b3'' AA^alking in the hot room two men (SR and 
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HB), in order to determine the completeness and effectiveness of their acclimatiza- 
tion, repeated the standard walk -with the room temperature lowered to 72°F. 
In the walks in the cooler room the men reached heat balance with their rectal 



Fig. 1 . Acclimatization to heat as shown by the lowering of bodj’^ temperatures and heart 
rates of men in the standard work experiment (room temperature 104°F., humidity 23 per 
cent). On some of the day.g of exposure the men wore clothing which varied from the 
standard costume and the resulting data are omitted from this figure. 

temperatures and metabolic rates the same as they were in their hot room experi- 
ments at the end of acclimatization (table !)• In the cool room experiments, 
radiation and convection played a large part in the dissipation of body heat, and. 
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therefore, loss of -u’eight by evaporation from skin and lungs was small (table 1). 
In the hot room the men even absorbed heat from the room. Under these con- 
ditions, evaporation became gi’eat enough to dissipate aU the heat produced 
within the body plus that absorbed by it (table 1). The fact that skin tempera- 
tures, rates of sweating, and heart rates were higher while the acclimatized men 
were working in the hot room experiments than when they were in the cool room 
shov^ that the mechanisms for heat dissipation were under greater stress in the 

TABLE 1 


Comparison of the performance of the standard work by men in the cool room and in the hot room 

after they were acclimatized to heat 


SUBJECT 

SOOil CON'DinONS 1 

METABOLISM 

[ BODY TEMP. 

S^VEAT 

HEART RATE 

Temp. 

Rel. Hum. 

Rectal 

' Skin 


“F. 

per cent 

Cal.lhr. 

°F. 

‘F. 

kgm.Ihr. . 

■■ 

SR 

104.1 

23 

453 

101.0 

96.1 

1.41 



72.1 

32 


100. S 

87.5 

i 0.58 

■■ 

HB 


25 

1 

482 

101.4 

96.6 

1.43 

159 


71.9 

32 

485 

101.3 

87.8 

0.61 

134 


TABLE 2 

The effects of acclimatization on the metabolic rate and the rate of sweating of men in the 

standard work experiments 

(Room temperature 104°F., relative humidity 23 per cent, rate of walking 3.5 m.p.h. on a 

5.6 per cent grade) 


SUBJECT 

BODY 

SURFACE 

BODY WEIGHT 

! METABOLISU 

SWEAT 


.Mter 

acclimati- 

zation 

Before 

acclimati- 

zation 

After 

acclimati- 

zation 

Before 

acclimati- 

zation 

After 

acclimati- 

zation 



kgm. 

kgm. 

cal.lhr. 


kgm.Ihr'. 

kgm.Ihr. 

HB 

1.88 

. 69.1 

68.5 

526 


1.47 

1.43 

ET* 

2.00 

72.6 

72.5 

500 


1.47 

1.53 

SR 

1.75 

65.4 

64.3 

540 


1,40 

1.41 

WH 

1.79 

66.9 

66.4 

574 

506 

1.44 

1.45 

FC 

2.00 

84.9 

86.2 

686 

686 

1.35 

1.57 

Average 

1.88 

71.8 

71.6 

565 

522 

1.43 

1.48 


* Subject ET walked on a 4 per cent grade as compared with a grade of 5.6 per cent for 
the f'^er subjects. 


hot room. (Nielsen (1938) has also observed the constanc 3 ’’ of the rectal tem- 
perature of a man working at a constant rate in widelj’" different environmental 
temperatures and has shown the adjustments to be due to evaporative and 
circulatorj’^ changes.) 

During acclimatization subject FC experienced an increase in his rate of sweat- 
ing in the standard ivork experiments but showed no significant change in his 
metabolic requirement for the work (table 2). The other four subjects were more 
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successful in becoming acclimatized than FC — they underwent decreases in 
metabolism yet showed no significant changes in their rates of sweating in the 
standard work experiments (table 2). The effect of acclimatization on the maxi- 
mal capacity for sweating was determined by increasing the intensity of work in 
the hot room in one experiment on each of subjects SR and WH. Table 3 shows 



Fig. 2. Acclimatization to heat as shown by the lowering of body temperatures and heart 
rates of two men %valking at 3.5 m.p.h. on a 5.G per cent grade (room temperature 104°F., 
humiditj- 23 per cent). 

a. Subject SR was acclimatized by 23 exposures between Februarj' 20 and March 20. 
After March 20 his only exposures were on April 16 and 28. 

b. Subject IpMI was acclimatized by 11 exposures between March 24 and April 8. After 
April S his only exposures were on April 22 and 29. 


that there was an average increase of 21 per cent in the actual capacities of these 
two men to sweat. 

It Ls of practical importance to know how much more work men can do in the 
heat after acclimatization than they could before. According!}-, after subjects 
and SR were acclimatized, tests were conducted in wliich the}' walked at the 
standard rate and grade in the hot room ivith ease for hours. This was three 
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times as long as in theii’ original exhausting walks. It should be noted that no 
rest periods were taken in these long experiments. Figure 2 gives a comparison 
of the performances before and after acclimatization b}’' these two men. Their 
rectal temperatures in the long walks were only moderately elevated and re- 
mained constant throughout the last 3 hours. Their heart rates never reached 
critical levels. On the other hand, in the original experiments they were com- 
pletely exhausted in hours vith extremely high body temperatures and heart 
rates. 

TABLE 3 

The increase in the maximal rate of siceating with acclimatization 


Before acclimatization maximal sweating was induced b}' the standard walk and after 
acclimatization by raising the intensity of the walk to 3.5 m.p.h. on a 9 per cent grade. 
(Room temperature 104®F., relative humidity 23 per cent.) 


SUBJECT 

BEFORE ACCUlfATIZATlON 

AETER ACCLIiTATIZATION 

Sweat j 

1 Rectal temp. 

Sweat 

Rectal temp. 



■hH 


“R. 

SR 




103.0 

WH 



■ifl 

102.0 

Average 

i 

1.41 

1 

103.8 

1.76 

102.5 


TABLE 4 


Loss of acclimatization to standard work in the hot rooih 
The skin temperatures and heart rates represent the average of several determinations 
made during the last 20 minutes of each work experiment 



BEFORE ACCUilATIZATION 

AETER ACCXniATIZATION' 

BOSS or ACCLDIATIZATION 

5UBJ. 

Rectal 

Skin 

Heart 

Period 

Rectal 

Skin 

Heart 

.Mter 

Rectal 

Skin 

Heart 


temp. 

temp. 

rate 

acclim. 

temp. 

temp. 

rate 

ceased 

temp. 

temp. 

rate 


”R. 

"F. 

■1 

days 

1 

‘Fr 


days 

°F. 

°F. 


FC 

103.1 

98.1 


10 

101.8 

96.7 

164 

15 

102.9 

97.6 

176 

HB 

103.6 

99.0 

mm 

23 

101.4 

96.6 

159 

24 

102.9 

97.1 

178 

SR 

104.0 

99.1 

186 

23 

101.0 

96.1 

140 

26 

101.2 

96.1 

146 

ET 

102.5 

97.5 

168 

21 

100.9 

96.1 

143 

28 

101.2 

94.5 

150 

WH 

103.5 

98.2 

168 

11 

101.7 

96.0 

144 

13 

101.7 

96.3 

148 

Ave 

103.3 

98.4 

178 

18 

101.4 

96.3 

150 

21 
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It is also important to know how long the state of acclimatization to heat lasts 
after exposures are discontinued. Three of the five subjects in this studj’ were 
only slightly less efficient in the standard hot room experiments 2 to 3 weeks after 
stopping the exposures than at the end of acclimatization. This can be seen from 
the heart rates and body temperatures of the men (table 4). It is shown graph- 
ically for subjects TiHE and SR in figure 2. It should be noted that these two men 
performed their 4J hours’ walks in the hot room 3 and 5 weeks respectively after 
the period of acclimatization was over. Subjects FC and HB, however, in re- 
peating their walks 2 and 3 weeks respectively after stopping the exposures to heat 
had lost much of then* acclimatization (table 4). This is probablj’’ related to the 
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fact that these two men had greater difficulty acclimatizing in the first place and 
never reached as complete a state of acclimatization as the other three subjects. 

Discussion, The most striking results of these experiments were: 1, the 
rapidity "uith which acclimatization occurred (about a week); 2, the shortness 
(1 to hrs.) of the daily periods of work in the heat needed to produce acclimatiza- 
tion; 3, the retention of acchmatization by some of the subjects for periods of 3 
w'eeks or more after exposures to heat ceased, and 4, the completeness of the ac- 
climatization as e\ddenced by the fact that after acclimatization the men could 
maintain heat equilibrium in the standard grade of work about as well in the 
heated room as in the same walk in a cool room. 

These observations are obviousty of great practical importance to industry' and 
are even more important where rapid changes of climate by active men are neces- 
sary. Men who are already in good physical condition can be expected to work 
effectively mthin a few days after they start work in a hot climate; by a few rela- 
tivety short daity exposures to work in artificially heated rooms thej' can be pre- 
pared for working immediatety after thej’' arrive in a hot climate. This process 
of acclimatization is not a substitute for the prolonged period of training neces- 
sary to produce good physical condition, but it is essential before men already in 
good physical condition can work effectively in the heat. 

Additional experiments are needed to determine whether even more rapid 
acclimatization might be achieved by shorter, harder, more frequent work periods 
in the heat or bj’’ more prolonged daily periods of work. 

The mechanisms involved in the improvement in performance of these men as 
they became acclimatized to the heat ai’e not entirety clear from our data. The 
marked changes in heart rate and skin temperature of the men during acclimatiza- 
tion indicate that circulatoiy adjustments played an important part in the adap- 
tation. From ertdence cited above, these circulatoiy changes probably involved 
changes in peripheral circulation as well as in blood volume and tissue fluid vol- 
ume. Since the men’s skin temperatures during work in the heat were higher 
before than after acclimatization it is ob\dous that heat exchange by radia- 
tion was more favorable to the men before than after acclimatization. In 
the four men who showed decreases in their metabolic requirements for the 
standard work the average difference between the heat production during work 
before and after acclimatization was a decrease of 54 Calories per hour. This 
approximately equaled the average decrease of 51 Calories per hour in the rate of 
accumulation of stored body heat during work which occurred as a result of ac- 
climatization, Since there was not a training effect the decrease in energy re- 
quirement for the work in the heat must be considered as a result of acclimatiza- 
tion as well as a contributor to it. The high rates of metabolism of these men 
during work in the early expo.sures to heat were not due to lack of training but 
apparently were associated with the high enrtronmental temperature and the 
men’s high body temperatures. This is ertdenced by the fact that at the time 
of the first exposure to the heat all of the men were in good physical condition and 
were experienced in walking on the treadmill, HB had less experience on the 
treadmill than the others and yet he showed no training effect in his metabolic 
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requirement for the standard work — 179 Cal./lir. in the cool room before exposure 
to heat, compared Muth 485 Cal./hr. after acclimatization to heat. These values 
are practically the same as similar determinations on him in the heat after ac- 
climatization and significantly lower than in his initial exposure to heat (table 2). 

One factor which contributed to the acclimatization of FC was his increased 
rate of sweating in the standard work experiments. Only 40 per cent of his in- 
crease in sweat secretion during acclimatization had to evaporate to account for 
his decrease in accumulation of bodj'’ heat during work. It should be pointed out 
that in these experiments a considerable and unknown fraction of the sweat 
dripped off of the men and some accumulated in the clothing. The other sub- 
jects continued throughout acclimatization to sweat at about the same rate as in 
the initial experiments. The reason that these men did not increase their rates 
of sweating in the standard walks as did FC is that they showed greater decreases 
in body temperature during the walks as acclimatization proceeded (table 4). 
In their cases the work no longer elicited maximal rates of sweating (table 3). 

The difference between FC and the other subjects in the manner and complete- 
ness of acclimatization to the heat maj’^ have been due in part to the fact that, 
although he was in good physical condition, he is a large, stocky man. He had 
43 kgm. of bodj^ iveight per square meter of body surface, as compared with 36 
to 37 kgm. for each of the other four subjects. Since heat production in walking 
is proportional to body weight and heat dissipation depends largely on surface 
area, it is obvious that FC was handicapped in his heat regulation as compared 
\rith the other men (Robinson, 1942). In relation to surface area, FC sweated 
almost as much as the other subjects, whereas in relation to body weight, he 
sweated distinctly less than the others even after the gain he made during ac- 
clirhatization. It is interesting that, although the rapid improvement in tem- 
perature regulation and comfort during the first few days of acclimatization may 
be accompanied liy either a decrease in heat production or an increase in sweating 
or both, the continued slower improvement took place in these subjects -without 
a further change in either of these processes. Therefore, the improvement in 
temperature regulation cannot be entirely dependent upon them. 

SUMMARY 

During the -winter, experiments ivere carried out in which men walked on a 
motor driven treadmill from 1 to hours a day in a room where desert conditions 
were simulated. When the men first began to take the walks the work was severe 
enough and sufficiently long to bring on symptoms of heat exhaustion. 

The comfort and ease with wiiich the men repeated the same walks which 
oiiginally exhausted them increased rapidl}"- during about 7 daj^s and thereafter 
more slowly up to 23 days. 

The heart rates of the men during the latter part of the walks decUned from 
an average of 178 in the beginning to 155 on the seventh day. . 

The average skin temperature and rectal temperature of the men at the end of 
the wwk experiments declined from 98.4 to 96.5 F. and from 103.4 to 101.7 F. 
respectively during the same period. 
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This rapid improvement in temperature regulation during the first 7 daj^s 
amounted to about 80 per cent of the entire improvement in 23 days. It was ac- 
companied by an increase in the rate of sweating in one man and decreases in 
metabolic rate during work in the others. The slow improvement in temperature 
regulation occurring after the seventh day was not accompanied by continued 
lowering of metabolic rate nor by increase of sweating during the experiments. 
However, the capacity for sweating in harder work than the standard experiments 
did increase. 
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In the course of studies under prolonged anesthesia of the peripheral circula- 
tory reactions during hemorrhage and shock, decreased cutaneous blood flow, 
rise in rectal temperature and ox 5 '-gen consumption and fluctuations of hematocrit 
readings were observed during the first six hours after induction of the anes- 
thesia which compheated the interpretation of the changes in peripheral circula- 
tion and metabolism occurring in the development of the shock state. These 
observations necessitated a study of the serial changes following the anesthesia 
alone, the results of which are presented in this paper. 

Methods. The effects of the various anesthetics were studied in 47 dogs 
weighing 7 to 20 kgm. The dogs were either unoperated or had inserted tracheal, 
arterial and venous cannulas. The follovdng anesthetic combinations were 
gi^’’en: 1, morphine sulphate and chloralosane; 2, morphine and sodium pento- 
barbital; 3, morphine and sodium barbital; 4, sodium pentobarbital alone; 
5, sodium barbital alone, or G, morphine alone. In the following pages, where 
morphine and chloralosane or a barbiturate are referred to, the morpliine 
will be called the primary and the chloralosane or barbiturate the secondary' 
anesthesia. In all experiments the primary’’ anesthetic dose of morphine was 
2.0 to 4.4 mgm/kgm. The solutions administered were the standard prepara- 
tions used in tins laboratoiy for anesthesia. The morphine was given sub- 
cutaneously in the form of a 2 per cent solution in sterile distilled water. The 
sodium barbital was given as a 10 per cent solution prepared from “barbital 
sodium Merck, U.S.P.,” the sodium pentobarbital was given as a .5 per cent 
solution prepared from “sodium pentobarbital powdei', U.S.P.XI,” purchased 
from Premo Pharmaceutical Laboratories, Inc.; and the chloralosane was 
given as a 0.5 per cent solution. The solutions were freshN prepared and were 
dissolved either in sterile distilled water or in pyrogen-free water and ad- 
ministered either intravenously or intraperitoneally. Except for a slower action 
in the latter no significant difference was noted in either the dose required or the 
effects produced by the alternate routes of administration. 

Subcutaneous temperatures were recorded in degrees centigrade with iron- 
constantin needle thermocouples inseided subcutaneously, and the bod}^ temper- 
ature from an iron-constantin couple inserted 10-15 cm. into the rectum, b 3 ' 

^ Supported by a grant from the Commonwealth Fund. 
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means of a Leeds and Northrup 6 point Micromax recorder. The couples were 
automatically connected in turn to the recorder. The temperature of any one 
couple was recorded once every six minutes. The instrument is stated to have 
an accuracy of ±0.3°C, but by keeping it carefully adjusted we were able to 
maintain an accuracy of the order of ±0.2°C. Subcutaneous temperatures were 
found, to be about 1° higher than surface temperatures but parallel to them, 
and less subject to error due to the fluctuating contact of the couple with the 
.skin. The hair was clipped over the region of insertion of the thermocouples. 
In most of the experiments the animals were unheated and the rectal tempera- 
ture was allowed to vary at wdll. In a few ex-periments, however, the rectal 
temperature was kept constant by varj^ing the heating current supplied to two 
lamps placed under the animal board. Dark blinds were used at the windows 
and all drafts were avoided in order to maintain as even an environmental 
temperature as possible. The temperature of the air in the vicinity of the dogs 
was recorded with one of the needle thermocouples. Hematocrit readings were 
made of arterial blood with Wintrobe tubes. The results are expressed as cell 
volume per cent of total volume. One 'point is used as meaning 1 cell volume 
per cent. Oxygen consumption was measured with a recorder of the Sanborn 
blower type connected to a tracheal carmula. Blood pressure and heart 
rate were recorded by suitable optical manometers (1) or with a mercury, manom- 
eter. 

Results. I. Rectal temperatures in unanesthetized dogs. Rectal tempera- 
tures, measured in 21 dogs immediately upon bringing them into the experimental 
laboratory from the animal house, ranged from 37.5° to 39.7°, with an average 
of 38.5°. The temperature ranged slightly higher during the summer than in 
the winter. These temperatures correspond well with those recently reported 
by Federov and Shur (2) and by Friedman and Bennett (3), Of 6 trained, 
unanesthetized dogs, 4 maintained their initial rectal temperature for the 
1 to 4 lirs. during which they were kept lying quietly, but in 2 the rectal tempera- 
ture dropped approximately 0.5° during the first 0.5 hr. before becoming stable 
at 38.8° and 39.0°. As shoum in the first part of figure 2 this decline in rectal 
temperature was associated -with a prominent rise in the subcutaneous tempera- 
ture of the paws. 

11. Suhcutaneous and 'rectal temperatures, a. Morphine plus chloralosane, 
sodium barbital or sodium pentobarbital. Two dogs were given morphine sulphate 
followed in 3 hrs. and in 1 hr. by 50 and 73 mgm/kgm. re.spectively of chloralo- 
sane; G were given morphine followed in 0.25 to 1.25 hrs. by 160 to 200 mgm/kgm. 
of sodium barbital and 7 received morphine followed in 0.75 to 2.5 hrs. bj*^ 25 to 
30 mgm/kgm. of sodium pentobarbital. The results were e.ssentially the same 
with all three anesthetic combinations. Those from a typical e.xperiment arc 
illu.strated in figure 1. In this experiment the rectal temperature had fallen 
to 35°C by the time the temperature recorder was connected. It reached a 
minimum of 32° five hours after giving the secondarj- anesthetic, after which 
it rose and stabilized at 38.G°C. At this time the animal was still deeply anes- 
thetized. ^^^^en recording began the temperatures of the .skin over the thorax. 
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over the knee and on the dorsum of the hind paw were within 2° to 3° of the 
rectal temperature. Throughout the experiment the former two maintained 
about the same relation to the rectal temperature but about 2.7 hrs. after giving 
the barbital the temperature of the skin on the dorsum of the paw began to 
decline at the rate of 1.5° per hour. Prominent shivering such as was noted 
in this experiment was seen during the rise of the rectal temperature in 5 of these 
experiments. 

In 10 of this group of 15 dogs, receiving morphine plus chloralosane or a 
barbiturate, lowering of the subcutaneous temperature of the paws by 4.7° to 
11.5° was noted within 0.75 to 6 hrs. after giving the secondary anesthetic. 
The rectal temperatures ranged from 34° to 38.8° when the drop in subcutaneous 
temperature occurred. In all but 1 of these dogs the rectal temiDeratures started 
to rise about the same time as, or shortly after, the subcutaneous temperature 
dropped. Within 3 to 11 hrs. after giving the secondary anesthetic, the rectal 
temperature of all 15 of the dogs had risen to 38.6°-40.5°. In 4 of these dogs 
the rectal temperature continued to rise for 10 to 40 hrs. reaching levels of 39.5° 
to 42.6°. In 3 of the animals the subcutaneous temperature of the paws rose 
abruptly after the rectal temperature reached 39° to 40°. 

The somewhat diphasic character of the above responses suggests that the 
morphine and barbiturate may have partiallj’^ antagonistic reactions. The 
diphasic nature is more accentuated in those experiments in which recording 
was begun prior to the administration of morphine and in which the inteiwal 
separating the primarj'^^ and secondary anesthetic injections was increased. 
The results in a tj^iical experiment of this type are reproduced in figure 2. 
Within six minutes after giving morphine the rectal and thoracic subcutaneous 
temperatures began to decline and the subcutaneous temperatures of the paws 
began to rise. The latter reached a maximum at 0.3 hr. and then dropped at a 
rate of 2° to 3° per hour. Again within 6 minutes after the intravenous injection 
of chloralosane the subcutaneous temperatures of the paws suddenly rose, 
associated with a further fall of rectal temperature and of the subcutaneous 
temperatures of the ear and thorax. When the rectal temperature reached 36° 
the subcutaneous temperature of the paws began to decline at a rate of 5° to 6° 
per hour, and within 1.3 hrs. the rectal temperature began to rise. No shivering 
was seen in this experiment. The subcutaneous temperature of the fore-paw 
reached a minimum of 26° within 2.5 hrs. and the rectal temperature rose to 
a maximum of 38.9° ■within about 5 hrs. after administration of the secondary 
anesthetic. The subcutaneous temperature over the tliorax remained -withm 
1.5° to 2.5° of the rectal temperature. The subcutaneous temperature of the ear 
declined during the rise in rectal temperature. This was tvuce replaced by 
intervals of elevated temperature when small intravenous injections of sodium 
barbital were given. 

Il-b. Sodium harhiial and sodium pentobarbital alone. Four dogs were 
anesthetized with 200 mgm/kgm. of sodium barbital, and two dogs 'srith 25 
and 35 mgm/kgm. of sodium pentobarbital alone. In all 6 of the animals 
anesthetized "uath a barbiturate the initial drop in rectal temperature was small 
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oxvKon consumption, scale at left = O- consumption in ml/min; /?— rectal temperature, 
T — subcutaneous temperature over thorax, K — subcutaneous temperature in region of 
knee, IIP — subcutaneous temperature on dorsum of hind foot, RM — air temperature near 
animal, scale for temperature at right in degrees centigrade; S — duration of observ'cd 
shivering; .11-3 — subcutaneous injection of 3ragra/kgm. of morphine; NA-B-175 — intrave- 
nous injection of 175 mgm/kgm. of sodium barbital; abscissal scale — time in hours. Note 
all subsequent charts arc drawn to the same scale as this chart. 
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(0.5° to 1.5°C) and in from 6 to 12 hrs. the rectal temperature had risen to 39.0 
to 40.5°C and to 40.0° to 41.7°C after 15 to 28 hrs. Despite the smaller initial 
drop in rectal temperature there was in many of the barbiturate experiments 
a decline in the subcutaneous temperature preceding the rise of rectal tempera- 
ture. The degree of loweiing of the rectal temperature was usuall}’’ less promi- 
nent and subsequent rise more marked than when morphine had been given 
preceding the barbiturate. Either alone or ivitli morphine, sodium pento- 
barbital caused an earlier and more iirominent rise of rectal temperature than 
sodium barbital. The results in two tjqiical expeidments are reproduced in 
figure 4. 

II-c. Morphine alone. All but 1 of the 12 dogs, in which morphine alone 
was used, were anesthetized sufficiently to allow surgical procedures. This 
required from 4 to 20 mgm. per kgm. initiall}’- and a maintenance dose of 0.7 
to 4.2 mgm. per kgm. per hour. In 8 of the 10 dogs studied at room temperatures 
of 23° to 26° the rectal temperature fell to between 34° and 37° within 1.5 to 
4 hrs. Four showed no subsequent rise or decline and 4 sliowed a rise of less than 
0.5°. In these dogs the subcutaneous temperature of the hind paws declined 
1.2° to 10.2° within 1 hr. and 20 min. to 5 hrs. Tliis drop in subcutaneous 
temperature occurred usually when the rectal temperature was around 35.9° to 
37.8°, although in two instances it occurred at higher rectal temperatures. One 
animal was heated and in one the rectal temperature rose spontaneously. In 

Fig. 2. Rectal and subcutaneous temperatures in a dog anesthetized with morphine 
and chloralosane, with prolonged interv'al between the two injections. Effect of cutting 
vasomotor nerves on subcutaneous temperature. E — subcutaneous temperature of outer 
surface of ear; FP — subcutaneous temperature of dorsum of fore-paw; HP — subcutaneous 
temperature of dorsum of right hind-paw; X — cessation of registration of subcutaneous 
temperature of hind paw; M — subcutaneous injection of 3.2 mgm/kgm. of morphine; C — 
intravenous injection of 50 mgm/kgm. of chloralosane; RSNC — section of right saphenous 
nerve; RSCNC — section of right sciatic nerve; XABi and NABz — intravenous injections 
of 80 mgm/kgm. of sodium barbital. Temperature scale at left in degrees centigrade; other 
lettering and scales as in figure 1. 

Fig. 3. Rate of decline of subcutaneous temperature upon cessation of circulation. 
C — subcutaneous temperature of skin over calf; A»SPF — asphyxiation; DEATH — cessation 
of cardiac and respiratory action as result of the asphyxiation. Other lettering and scales 
as in figures 1 and 2. 

Fig. 4. Superimposed curves of rectal temperatures and subcutaneous temperatures of 
hind paw in dogs anesthetized with sodiimi pentobarbital, with sodium barbital and with 
morphine alone. Open sjunbols — rectal temperatures; solid symbols — subcutaneous tem- 
peratures of dorsum of hind paw. Circles — temperatures from dog anesthetized with 
sodium pentobarbital, intravenous injections of 35 and 20 mgm/kgm. indicated by upper 
row of arrows, S — onset of shivering in this animal, weight — IS kgm. Note in the original 
this record extended for another 7 hrs. with a rise of rectal temperature to 41.5°C 3 hrs. 
after the end of the reproduced segment of the record followed by a gradual decline to 
normal. The dog was returned to the animal cage at the end of this time and remained in 
good health. Triangles — temperatures from dog anesthetized with sodium barbital, 
intravenous injections of 200, 50 and 50 mgm/kgm. at times indicated by middle row of 
arrows, weight 18.5 kgm. Squares — temperatures from dog anesthetized vnth morphine, 
injections of 4, 4, 2, 3, 2, 2, and 3 mgm/kgm. at times indicated by bottom row of arrows, 
weight 10 kgm. Room temperature for all three experiments ranged between 24 and 26°C. 
Scales as in figures 1 and 2. 




182 H. D. GREEN, N. D. NICKERSON, R. N. LE’«T:S .iND B. L. BROFMAN 

both animals when the rectal temperature reached 39° the subcutaneous tem- 
perature of the paws suddenly rose several degrees. In the 2 dogs studied at 
room temperature of 28° to 30° the rectal temperature remained within 0.5° 
of the pre-anesthetic level and the subcutaneous temperature remained within 
3° of rectal temperature throughout the experiment. Shivering was not noted 
in any of the experiments with morphine alone. The results in one experiment 
are reproduced in figure 4. 

III. Ejfects of environmental temperature. Room temperatures ranged in the 
different experiments from 21.5° to 30°, but most of the experiments were per- 
formed at room temperatures of 24° to 26°C. The variation in any one experi- 
ment was rarely more than 1.5° to 2.0°. Changes of subcutaneous and rectal 
temperature were obser\^ed in some animals at all environmental temperatures. 
However, vdth room temperatures of 28° to 29°C or higher it was observed that 
there was rarely much decline in subcutaneous temperature uith or preceding the 
rise of rectal temperature; that the rectal temperature of dogs anesthetized udth 
morphine did not decline appreciably; and that the rectal temperature of dogs 
anesthetized with a barbiturate rose higher than it did with dogs at lower room 
temperatures. 

W. Evaluation of mhcutaneous temperature changes in terms of blood flow. 
Sudden maximal increase in blood flow was induced by cutting the sciatic nerve 
in 3 animals anesthetized with morphine alone and in 3 animals anesthetized udth 
morphine and chloralosane during periods of lowered and of moderatel}'' elevated 
subcutaneous temperature. Prior cutting of the saphenous nerve had no 
effect, but in each instance after section of the sciatic nerve the subcutaneous 
temperature of the hind paw began to rise vdthin six minutes and within 20 to 
30 min. was within 1° to 2° of the rectal temperature. An example of this 
reaction is seen in figure 2. 

The effect of sudden cessation of blood flow was studied by recording tempera- 
tures for 0.5 te 2 hrs. after death in 15 animals. When at death there was a 
difference of 10° to 15° lietween the recorded temperature and the room tempera- 
ture the following initial rates of decline were observed: rectal temperature 1.0° 
to 2.0° per hour, thoracic subcutaneous temperature 2.0° to 3.0° per hour, sub- 
cutaneous temperature over the mid-region of the extremities — 2° to 4° per hour 
and over the paws 4° to 8° per hour. These data are illustrated in figure 3. When 
the thorax was opened, allowing the thoracic contents to drop away from the 
chest wall, the rate of decline of the thoracic subcutaneous temperature ap- 
proached that of the paws. 

Discussion. WTien the temperatures of the room and of the subcutaneous 
tissues are remaining constant an equilibrium exists between the rate of elimina- 
tion of heat from the .skin and the rate at which heat is being brought to the .skin 
by the circulation and hy direct conduction from the deeper structures. If JR 
a given region heat is supplied almost solely by the blood and if the rate of circula- 
tion i.s low the equilibrium temperature is at or onU’’ slightly above room tempera- 
ture, whereas if the rate of circulation is rapid the subcutaneous temperature will 
approach the internal body temperature as reflected by the rectal temperature. 
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Temperatures in between these two extremes will then, as suggested by Burton 
(4), indicate intermediate rates of flow. This arrangement appears to apply, 
however, only to areas of the skin, such as the ear and paAvs, Avhich lie over 
regions of low heat content or ability to generate heat, and which are dependent 
almost entirely upon heat conducted to tliem by the blood stream. As indi- 
cated above, apparently the skin in the proximal portions of the extremities over 
large muscle masses, and especially the skin over the thorax and abdomen, re- 
ceive heat by direct conduction from the deeper stnictures at such a rapid rate 
that the equilibrium temperature is determined by this mode of conduction 
rather than by the influence of anj'^ changes in the rate of heat conduction by 
the blood stream. As a result, as shown in figures 1 and 2, despite evidence 
of marked reduction in blood floAv in the skin over the paAvs and ear Avhich 
presumablj'^ AA’ould be accompanied by similar changes in the remainder of the 
skin, the subcutaneous temperature of the latter regions of the skin remains 
quite close to the rectal temperature. A corollary of this observation is the 
conclusion that, AA’hile marked generalized cutaneous A^asoconstriction Avould 
reduce the heat loss from the skin oAmr the extremities and similar regions, 
it Avould haA'e only a minimal effect on the heat loss from the skin oA’^er the trunk 
and large muscle masses. 

The interpretation of changes of blood flow by means of the recorder used 
in these experiments is dependent upon liaAung a sufficient difference of temper- 
ature betAA^een the room temperature and the rectal temperature that small 
changes in blood fioAV can be detected readily. As a practical rule Ave have found 
that a minimum of about 15° is desirable for this purpose. The onset of a change 
of blood floAv is probably accompanied by beginning change of subcutaneous 
temperature AAuth a lag of onl}'- 30 sec. to a minute (4). HoAvever, because of the 
construction of our recorder the apparent latenc}" in our records may be any- 
AA-here up to six minutes. Interpretation of the degree of change of blood floAv 
after the assumption of a neAv rate of Aoaa^ can be made only in a roughly qualita- 
tive manner until the subcutaneous temperature has again come to equilibrium. 
During the period of changing subcutaneous temperature an estimate of the neAv 
rate of blood Aoaa’" can be made only by comparing the rate of change of sub- 
cutaneous temperature AAuth the rate of change AA^hich nonnally occurs after 
maximal increase of floAv such as is induced by section of the A’^asomotor neiwe 
(the sciatic for the hind paw) or maximal reduction of floAV as by sudden death. 
On the basis of such comparisons Ave conclude that in many instances maximal 
increase of Aoaa"^ is induced bj’’ the administration of either morphine or barbital 
and that AAdien a reduction of blood Aoaa" accompanies a rise of rectal tempera- 
ture it is likeAAuse verj’^ close to maximal. 

The initial increase in cutaneous blood floAA’^ and the resulting increased 
heat loss plus a reduction of the spontaneous muscular actmty was probably 
responsible for the initial drop in rectal temperature. Their occurrence may 
haAm been due to a depression of that center in the hjqiothalamic region Avhich 
prevents fall of bodj'- temperature (Ranson, Fisher and Ingram (5)). The 
barbituarates and morphine seemed to potentiate each other slightly in causing 
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this initial effect. The subsequent decrease of cutaneous blood flow, the shiver- 
ing and the rise of bodj' temperature to and frequently well above normal irith 
the barbiturates may have been due to a differential wearing off of the anesthetic 
depression of that part of the temperature-regulating center which prevents a 
fall of body temperature, while the depression of the center which prevents ah 
overshooting of the body temperature (5) was still present. On the other 
hand, it could be equally well argued that the febrile like reaction, which was 
similar to that described bj' Du Bois (G) during the chill stage in man, was 
due to the presence of piTogenic substances present in the various powdered 
preparations used. However, studies were earned out on 6 additional dogs 
using Abbott’s Veterinarj' Nembutal (sodium pentobarbital) solution which is 
.specially prepared for intravenous use, and the results were identical ivith those 
described above. Regardless of whether the sequence of temperature changes is 
due to the effect of the barbiturate per se or to the presence of an unrecognized 
pjwogen contaminant, allowance must be made for these changes when stud 3 ''ing 
the peripheral circulation in animals anesthetized with these preparations. 

V. Oxygen comum.'plion. Throughout periods of anesthesia with morphine 
alone the oxj'gen consumption .showed minor fluctuations but tended to remain 
relatively constant or to parallel the rectal temperature. However, as seen in 
figure 1, vdth morphine plus one of the barbiturates and vdth barbital alone 
there was usuallj'- a rapid rise in oxygen consumption to 125 to 200 per cent of the 
initial value during the period of vasoconstriction and rising rectal temperature, 
even in the absence of visible shivering. Tlie O 2 consumption often dropped 
slightly when the rectal temperature became stabilized but remained elevated 
above the level present immediately after the animal was anesthetized. 

Discussion. Using the Meeh-Rubner equation (6) for computing the surface 
11,2 X 

area, S = — ^“lOO ’ ^ ~ surface area in meters,^ W = weight in kgm., and as- 
suming 1 liter of oxj'gen has a calorific value of 4.8, the metabolic rates under 
morphine anesthesia ranged from 33.2 to 51.8 Cal/hH/hour; under morphine 
and sodium barbital the metabolic rates ranged from 23.7 to 34.6; and under 
sodium barbital alone they ranged from 38.9 to G2.3. These were taken either 
during the initial depression of rectal temperature or after the rectal temperature 
had stabilized at a subsequent higher level- Tlie}'^ show a rather wide scatter. 
When, however, the metabolic rates were plotted against the rectal temperatures 
the spread at anj' given temperature was much smaller, ranging at 38.5'’C between 
35 and 51 Cal/M*/hour. Comparison of pairs of readings from the same animal 
indicated that on the average the metabolic rate increased about 10 per cent per 
degree centigrade increase of rectal temperature. The discrepanc 3 ’' in the case 
of those that did not change characteristicall 3 " with rectal temperature was 
probablv' due to increases in muscle tone which were not recognized as shivering. 
Metabolic rates for trained animals reported in the literature range from 24.6 
to 39.2, using the same formula for calculating surface area (7-11). It appears 
that imder morphine alone or morphine and barbital the metabolic rates are 
within the upper range of those found in unanesthetized animals, while those 
with sodium barbital alone are higher. 
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The initial increase in cutaneous blood flow and slight drop in rectal tempera- 
ture during a barbiturate anesthesia are in agreement with the observations 
described by Richter and Oughterson (12) by Deuel, Chambers and Milhorat 
(13) and bj’^ Heming^vay (14). The subsequent elevation of the rectal tempera- 
ture to and often above normal has apparently not been previously observed in 
the dog but was seen in a patient by Edmonson (15). Diminished oxj^gen con- 
sumption has been observed after anesthetization with barbital bj^ Andemon, 
Chen and Leake (16), with sodium amjdal by Dameshek, Myerson and Loman 

(17) and Shapuo (18), and after delvinal sodium by Peoples and Carmichael 

(18) . However, none of these investigators followed the metabolism for longer 
than 0.25 to 3 hrs. Increased oxygen consumption has been reported in cats 
under chloralose anesthesia by Griffiths, Emeiy and Lockwood (20). The com- 
plete sequence of changes such as we have described has not, to our knowledge, 
been reported. 

^T. Hematocrit readings. The initial pre-anesthetic hematocrit reading m 19 
dogs ranged from 41.1 to 56.4 with an average of 49.6. Within 0.5 hr. after the 
injection of barbital or pentobarbital the hematocrit reading usually decreased 
5 to 11 points below the initial reading taken prior to the injection. This drop 
coincided with the increase in cutaneous blood flow. The absence of a diminu- 
tion in three ex'periments may have been due to the fact that the second sample 
was not taken soon enough after giving the secondary anesthetic. The hemato- 
crit reading began to increase again within 0.5 to 1.5 hrs. that is, when the rectal 
temperature was beginning to rise and the subcutaneous temperature to drop. 
The reading usually became stabilized at 2 points below to 14 points above the 
initial reading within 2.5 to 5 hrs.; that is, at about the time the subcutaneous 
temperature reached a minimum; the average in 12 experiments was at 3 points 
above the initial reading. The serial changes in hematocrit values in several 
typical experiments are reproduced m figure 5. With morphine alone the 
hematocrit reading usually showed little change throughout the period of anes- 
thesia. The results in four experiments are reproduced in figure 6. Since, dur- 
ing the stable period the hematocrit readings tended to fluctuate b}'' as much as 
±2 points, it Avould appear that a change in hematocrit reading induced by an 
experimental procedure would have to be greater than 2 points in order to be 
significant. 

Discussion. The initial hemodilution confirms the obseiwations of .Jarcho 
(21) , but this author apparently did not follow his animals long enough to observe 
the sxibsequent hemoconcentration. The explanation of the hematocrit changes 
cannot be stated vith certainty on the basis of our ex])erimental results. How- 
ever, the association of the hemodilution Avith the increased blood flow and the 
hemoconcentration ndtli the reduction of blood flow in the skin suggest that they 
probabl}' are due to changes in the volume of blood in resen'oirs such as the skin 
and spleen Avhich may hold proportionally more red cells than plasma in the 
dilated state, and proportional^' more plasma in the constricted state (22, 23). 
The association of such reactions with differential changes in splenic inflow and 
outflow described by Grindlej^ Herrick and !Mann (24) and in spleen volume 
found by Seelej', Essex and iMann (25), and the reduction or abolition of the 



18G H. D. GREEN, N*. D. NICKERSON, R. N. LEWIS AND B. L. BROFSIAN 

liemodilution after splenectomy repoited by Searles (26) and Adolph and Ger- 
basi (27) suggest that the spleen may be the chief reservoir in dogs. This is also 
suggested by the fact that marked liemodilution occurred in animals in which 
decrease in cutaneous blood flow was prevented by keeping the rectal tempera- 
ture above normal (see below), and also by the small effects of increase and 
decrease of cutaneous blood flow upon the hematocrit in animals anesthetized 
with morphine. 

VII. Effects of artificially maintaining the rectal temperature constant. Tn 8 
dogs, anesthetized vrith sodium barbital alone, an attempt was made to avoid 



Fig. 5. Superimposed tracings of hematocrit readings from several experiments on dogs 
anesthetized with sodium barbital. KD-2 — same experiment as reproduced in figure 1, 
morphine and sodium barbital, animal not heated; KD-3 — morphine and sodium barbital, 
animal warmed sufficiently to prev'ent a drop in rectal temperature; KD5 — same e.xperiment 
as in figure 4, sodium barbital only, not heated; KD-10, 11, 12 and 17 — dogs anesthetized 
with sodium barbital alone and warmed sufficiently to maintain rectal temperature at 
39°C. Small vertical arrows indicate moment when subcutaneous temperature of hind 
paws began to drop. Tliis occurred despite the warming in experiments KD12, ICDIO, 
IvD17, KD2, KD3. Points to the left of the solid vertical line are readings taken prior to 
administration of anesthetic. Ordinate scale — hematocrit reading in cell volume per cent 
of total volume. Abscissal scale — time in hours. This figure reproduced to same scale 
as figures 1 to G. 

Fig. G. Superimposed tracings of hematocrit readings in four dogs anesthetized with 
repeated injections of morijhine. For details see Sgure 5. 

the fluctuations in temperature, metabolism and hematocrit by preventing the 
drop in rectal temperature during the first 4 to 6 hrs. by warming the animal 
board. VTien the animal was heated only enough to prevent a drop in rectal 
temperature below that obser\'ed at the time of anesthetization the reduction in 
cutaneous blood flow and augmentation of metabolism still occurred in 2-5 hrs. 
and the rectal temperature rose above normal. By maintaining the rectal tem- 
perature between .39° and 40°C, the fluctuations of rectal and cutaneous tempera- 
ture and metabolism were minimized, but the characteristic decline and 
subsequent ri.se in hematocrit reading still persisted. 
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■^'111. Blood pressure aiid heart rate. The mean arterial blood pressures and 
heart rates were not studied in all experiments. In those in which the}" were 
measured the initial mean blood pressures were highest with sodium barbital 
alone and with morphine and sodium barbital rangmg in 20 experiments from 
110 to 190 mm. Hg with an average of 148, and vdth chloralosane, 140 and 160 
mm. Hg. They were lowest with morphine alone (9 expts.) and with morphine 
and sodium pentobarbital (6 expts.) ranging from 96 to 170 mm. Hg with an 
average of 130 and 123 mm. Hg respectively. The lowest heart rates were seen 
with morphine alone and with morphine and chloralosane ranging in 9 e.xperi- 
ments from 50 to 90 beats per minutes, with an average of 64 beats per minute. 
The highest heart rates were found with sodium barbital alone, ranging in five 
experiments from 180 to 250, with an average of 214; and with morphine plus 
sodium barbital ranging in six experiments from 116 to 235 vdth an average of 
174. In three experiments with morphine and sodium pentobarbital the heart 
rates were 100, 141 and 203 beats per minute. The mean blood pressure was 
practically unaffected b}" changes in blood flow in the skin, by shivering, or b}" a 
rise or decline of rectal temperature. The heart rate remained constant during 
the interval of dechnmg cutaneous temperature, but not infrequently rose during 
and follondng the onset of shivering and rise of rectal temperature in animals 
anesthetized vdth one of the barbiturates. 

Survival. In view of the interest at the present time in the sundval of anes- 
thetized animals after various experimental shock procedures, the following 
data are presented on the dogs used in this study. No significant difference was 
noted between the various anesthetic combinations. Twenty-nine of the 47 
dogs were used for other experimental studies hnmediately after the conclusion 
of the period of temperature study. In so far as it is possible to judge, they re- 
mained in good condition up until they were sacrificed at the conclusion of the 
experimental period by bleeding or asphyxia. The total period of observation 
of these dogs was 8 to 26 hrs. (average — 16 hrs.b Sixteen of the remaining 18 
dogs were returned to the animal house in good condition and survived in- 
definitely; one died after 13 hrs.’ anesthesia, apparently because of obstruction 
to the respiratory passage, and one was sacrificed at the end of a week because 
of the development of a respiratory infection. The average duration of the 
anesthesia in these 18 animals was: morphine and barbital or barbital alone — 
40 hrs.; morphine and sodium pentobarbital or sodium pentobarbital alone — 11 
hrs.; morphine alone 7f hrs. 


SUMMARY 

Roughly qualitative estimations of cutaneous blood flow are readily made 
in the skin of the paws and ears by recording the subcutaneous temperature 
with needle thermocouples connected with a Leeds and Northrup micromax 
recorder. If the subcutaneous temperature is remaining constant the blood flow 
may be estimated from the relationship of the subcutaneous temperature to the 
air and rectal temperatures. Subcutaneous temperatures approximating the 
former indicate minimal blood flow; those near the latter suggest maximal blood 
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flow. Immediately following a sudden change of blood flow the new rate of flow 
must be estimated by comparison of the ensuing rate of change of subcutaneous 
temperature with that observed to occur following the onset of a known change of 
blood flow. Estimation of the blood flow through the skin over the trunk or 
over large muscle masses in terms of the subcutaneous temperature is less satis- 
factory apparently because of the high rate of conduction of heat directly from 
the deeper structures. 

The pre-anesthetic rectal temperature in our dogs ranged from 37.5 to 39.7 
with an average of 38.5°C. Anesthesia vith morphine alone caused an immedi- 
ate and frequently maximal increase in cutaneous blood flow and a decline in 
rectal temperature to 34° to 37°C. These changes were often followed in 1 to 3 
hrs. by a sharp reduction in cutaneous blood flow. The latter apparentlj’^ was 
secondary to the temperature regulating reactions induced by the drop in rectal 
temperature. Sodium barbital, sodium pentobarbital and chloralosane caused 
a similar initial increase in cutaneous blood flow and a drop of 0.5° to 1.5° in 
rectal temperature and a subsequent decrease of cutaneous blood flow; and in 
addition, induced an increase of oxygen consumption, often associated with 
.shivering, and a rise of rectal temperature to 38.6° to 40.5° within 3 to 11 hrs. 
Anesthesia Avith morphine plus barbital accentuated the initial drop of rectal 
temperature. 

Hematocrit readings showed little change with morphine alone, but Awth 
either morphine and a barbiturate or one of the barbiturates alone the hematocrit 
reading dropped 5 to 10 cell volumes per cent within a few minutes after anesthesia 
and then slowly returned to and often above normal during the period of reduc- 
tion of cutaneous blood floAV and rise of rectal temperature. 

Changes in rectal temperature and cutaneous blood flow were mim'mized b}’’ 
maintaining the rectal temperature between 38° and 39° and were often abolished 
by elevating the rectal temperature to 39°-40° by warming the animal board. 
The heating had, however, no significant influence iqion the initial decline and 
subsequent rise of the hematocrit reading in the dogs anesthetized AAith barbital. 
Both heart rate and mean arterial blood pressure were higher under sodium 
barbital anesthesia than xmder the other anesthetic combinations. 

Because of the above sequence of events during the first hours after induction 
of anesthesia vdth an 3 ’' of these drugs we recommend that a control period of at 
least 3 to 4 or more hours elapse following anesthetization before proceeding Avith 
experimental studies, if hematocrit, oxj^gen consumption, rectal temperature, or 
cutaneous blood flow are to be studied. Such a control period is desirable CA’en 
when the rectal temperatme is being maintained constant by warming the animal. 
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Values for the "in vivo” oxygen consumption of the brain found in the litera- 
ture are usually regarded as rough approximations. These figures are based on 
indirect measurements of blood flow through the brain made by recording either 
the internal carotid blood flow with a stromuhr or by measuring the venous 
return from the brain. The artezio-venous oxygen differences were then used 
to calculate brain oxygen consumption. The existence of anastomotic branches 
(see fig. 1) between the internal and external carotid arteries indicates that 
internal carotid artery blood flow is not identical to cerebral blood flow in the 
dog; moreover, the external jugular veins of the dog carr}’^ blood from other 
stinzctures of the head as well as the brain. 

The gross discrepancy between the "in vivo” and "in -vutro” values for brain 
oxygen consumption has been discussed in a recent review (1). Oxygen con- 
sumption figures reported for brain tissue slices or brei provide much useful 
information; but these figures can hardly be expected to approach the actual 
values for the intact living brain because of the damage to the tissue from the 
mincing or slicing, the anoxia incurred during the preparation and the aili- 
ficiality of the medium in which the tissue is jzlaced. 

The present report is concerned Anth some aspects of brain metabolism ob- 
tained with a method of perfusing dog’s brains in which the circulation Avas 
isolated from other tissues as far as could be ascertained by the injection of dj-^es. 

Methods. Blood for the perfusion was defibrinated as withdrawn from a 
large dog Avhich was sacrificed. The lungs wei’e I'emoA^ed to use for oxygenating 
the blood during the experiment, and the pulmonary aiteiy was cannulated close 
to its oi-i^n. The return flow from the pulmonaiy veins was collected by tying 
a large cannula into the left auricular appendage and occluding the biscuspid 
valve by means of a ligature around the auricular ventricular groove. Saline 
solution was passed through the lung system to wash out the blood and the lungs 
Avere suspended in a large container that served as a moisture chamber. The 
pulmonary arter}’- was connected to one unit of a double pump of the Dale- 
Schuster tj^pe (2). Blood at 37°C. aa-bs pumped through the lung system and 
passed into a reservoir under the moisture chamber. The blood in the reservoir 
Avas covered by a layer of mineral oil to reduce the rate of carbon dioxide loss. 
From the rcserAmir, the blood returned to the perfusion pump. The defibrinated 

’ Aided by a grant from the Committee on Therapeutic Researcli of the Council on Phar- 
macy and Chemistry of the American IMedical Association. 
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blood was circulated through the lungs for thirty minutes or more before begin- 
ning the head perfusion to remove vasoconstrictor substances (3). 

A second dog was prepared for brain perfusion under ether anesthesia. The 
superior sagittal sinus was exposed bj’' trephining the skull over the vessel and 
elongating the opening with rongeurs. The carotid arteries were then exposed 
and all muscles branches of the external carotid ligated, as indicated in figure 1. 
In order to expose and ligate the internal maxillary arteries it was necessary to 
approach these vessels through the mouth. Incisions were made just behind 
and shghtlj’^ medial to the last molars. Separation of the muscles exposed the 
maxillarj’- arteries, wliich were ligated centi-al to their ophthalmic branches. 
In confirmation of Bouckaert and Heymans (4), we found that when the ver- 
tebral arteries are ligated the blood flow through the internal carotid arteiies is 



Fig. 1. Diagram of the blood supply of the brain in dogs. Drawn from preparations 
injected with colored latex. 

not adequate to maintain the brain; the larger flow to the brain by way of the 
external carotid arteries and anastomotic branches (internal ophthalmic arteries) 
must be functional. 

The head tvas connected to the perfusion pump by cannulating the external 
jugular veins and the common carotid arteries. This was done on one side at a 
time, so the circulation to the brain was at no time interrupted. As the head 
was being connected to the pump, the venous outflow was collected and de- 
fibrinated, since part of it came from the perfused dog and had not pre^dously 
had the fibrin removed. The perfusion pressure was maintained at about the 
same level as the dog’s carotid pressure. A heavy clamp was then tightened 
about the neck to cut off the blood flow to and from the brain through the ver- 
tebral arteries and plexus of veins on the spinal cord surface. Complete occlu- 
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sion of these arteries and veins proved to be difficult, but was finally accomplished' 
by constructing a suitable clamp. EssentiaUy, this device is a loop of steel 
cable that can be tightened to compress the vertebral column. 

In the course of these experiments it was found that the carbon dioxide con- 
centration in the perfusing blood was below physiological levels due to the 
necessary exposure of the blood to atmospheric air at two points in its passage 
through the circuit. Since the concentration of this gas in the blood plays a role 
in the maintenance of normal patency of vessels (5, 6, 7, 8), it was necessan'^ 
to keep the gas within the normal range. The carbon dioxide tension of the 
perfused blood was controlled bj'’ using the apparatus shown in figtire 2. 



Fig. 2. Apparatus for ventilating the lungs. The solid lines represent the position 
of the mechanical parts and lungs when air is moving in the direction of the solid arrows. 
When the oscillating device moves the valves, as represented by the broken lines, the lungs 
are inflated by air moving as indicated by the broken line arrows. 

The perfusion was allowed to proceed for twenty or thirty minutes to eliminate 
the ether. Blood samples were then simultaneously dravm from the superior 
sagittal sinus and carotid arterj'. At the same time the minute blood flow was 
measured by collecting the venous return from the head in a graduated cylinder. 
The ijlood to be used for gas analysis was immediately chilled in ice wafer. 
Blood used in the lactic acid and dextrose determinations was treated at once 
as the respective methods demand. Carbon dioxide and oxygen determinations 
were made according to the method of Van Slyke and Neill (9), blood sugar 
according to the method of liagedom and Jensen (10), and lactic acid by the 
method of Aliller and Muntz (11) as modified by Barker and Summerson (12). 

Pi.E5ULT5. Tlie results of these expei’iments, recorded in tables 1 and 2, show 



TABLE 1 


DOG NO. 

TIME 

SIKUS ANT) 
ARTERY 

B 

A-S DIF- 

TEREKCE 

Oi 

A-S DIF- 

TERENCX 

DEXTROSE 

A-S DIT- 
EERENCE 

LACTIC 

ACID 




rol. 

per cent 


to/. 

per cent 


m^m. 
per cent 


msm, 
per cent 

1 

2:45 

s 

51.69 

4.62 

13.13 

4.63 

128 

5 

6.2 



A 

47.07 


17,76 


133 


6.8 


3:15 

S 

51.34 

3.81 

14.11 

4.13 

154 

6 

6.5 



A 

47.53 


18.24 


160 


6.1 


3:45 

S 

50.75 

3.72 

14.41 

3.72 

155 

5 

7.4 



A 

47.03 


18.13 


160 


6.9 

2 

2:30 

s 

30.81 

5.29 

6.07 

5.76 

87 

11 

7.7 



A 

25.52 


11.83 


98 


8.1 


3:00 

S 

34.53 

4.91 

9.88 

5.37 

107 

7 

9.0 



A 

29.62 


15.25 


114 


8.7 

1 

3:30 

S 

32.59 

5.43 

10.56 

5.55 

83 

8 

8.2 



A 

27.16 


16.11 


91 


8.5 

3 

12:25 

S 

46.82 

2.79 

14.51 

2.96 

B 

4 

7.3 



A 

44.03 

1 

! 

17.47 


B 


6.8 


1:00 

S 

53.41 

3.24 

9.72 

3.68 

130 

5 

7.8 



A 

50.17 


13.40 


135 


7.3 

4 . 

1:30 i 

S 

35.68 

5.64 

13.27 

5.37 

B 

6 

9.3 


1 

A 

30.04 


18.64 


B 


9.0 


1:50 

S 

42.49 

4.22 

12.00 

4.57 

140 

5 

8.4 


j 

A 

38.27 


16.57 


145 


8.9 


2:30 

S 

47.31 

4.66 

12.77 

4.56 

144 

5 

8.7 



A 

42.65 


17.33 


149 


9.1 

5 

12:15 

S 

39.20 

3.09 

10.40 

3.77 

B 

7 

9.9 



A 

36.11 


14.17 


B 


9.6 


12:45 

S 

41.60 

3.67 

8.38 

4.33 

138 

11 

9.3 



A 

37.93 


12.71 


149 


8.8 

6 


S 

38.86 

3.06 

3.92' 

3.16 

94 

6 

7.6 



A 

35.80 


7.08 


100 


7.2 



S 

39.97 

2.93 

5.57 

3.17 

61 

a 

7.3 



A 

37.04 


8.74 

1 

67 


6.9 

7 

1:15 

S 

42.76 

3.17 

11.14 

6.82 

mm 


9.4 



A 

39.59 


17.96 



HI 

8.7 


1:40 

S 

50.47 

4.15 

13.69 

4.26 

B 


9.1 



A 

46.32 


17.85 


B 

H 

9.5 
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that an average of 4.6 volumes percent of oxygen was removed bj’’ these brains 
as the blood passed through them. The figures for the minute oxygen consump- 
tion per 100 grams of brain tissue (table 2) show a fairlj’- wide variation among 
the different experiments; although the cerebral oxygen consumption in anj’- one 
dog appears more or less constant from time to time, under the conditions of the 
experiment. The average value for the seven experiments is 10.9 cc. per 100 
grams of brain per minute, a value that is in fairly close agreement with results 


TABLE 2 




BLOOD FLOW' 


1 

1 HIS. COKSUIIPTION PER 100 
GP^MS BRAIS 


DOC KO. I 

WEICUT 



pEHinrsiOK 



QOi 

cc./min. 

Per 100 
grams_ 
Brain/min. 

PSESSCE^ 

Oxygen 

Dextrose 


hgm. 1 



■■i 

CC. 

pigm. 


1 

13.6 


245 

msm 

11.0 

11 

6.6 




260 


10.5 

9 

6.3 




250 


9.7 

11 

5.8 

2 

17.3 

176 ! 

240 

140 

13.6 

15 

8.1 



142 

192 

150 

10.7 

13 

6.4 



140 ! 

1 

188 

! 

155 

10.9 

15 

6.7 

3 

19.4 

224 

340 

118 

10.2 

13 

6.1 



204 

310 

118 

11.3 

15 

1 

6.8 

4 

18.6 

184 

240 

120 

12.9 

14 

1 - 



212 

265 

130 

12.6 

13 

7.5 



208 

270 

1 

125 

12.6 

12 

7.5 

5 ■ 

13.6 

260 

330 

118 

12.1 

i 23 

7.2 



178 

1 

230 

160 

9.9 

20 

5.9 

6 

11.8 

240 

310 

120 

9.8 

18 

5.9 



220 

280 

130 

9.1 

16 

5.5 

7 

1 

12.3 

96 

135 

85 

9.3 

10 

5.6 



160 

220 

120 

9.5 

i 

5.8 


10.9 

14 

6.8 





1 


obtained by less direct means (13, 14, 15). Calculations of the Qo, values 
(cmm. oxj’^en consumed per mgm. of brain tissue per hr.) gives an average of 6.8. 

During the passage of blood through the brain there was an average uptake 
of 7 mgm. per cent of dextrose. The average dextrose consumption per 100 
grams of brain per minute was 14 mgm. The whole brain, in these experiments, 
used about 0.5 gram of dextrose per hour; and in order to keep the blood sugar 
level within normal limits, small amounts of sugar had to be added to the per- 
fusing blood from time to time. 
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No evidence was obtained from these experiments to indicate lactic acid 
formation or utilization b\'- the brain. The lactate content of the ai’terial and 
venous blood remained the same throughout an experiment. 

Discussion. The viability of the preparation could readilj’’ be ascertained 
by observing the ej'^e reflexes. The pupillary and palpebral reflexes are more 
sensitive to oxygen lack than are certain of the vital centers, such as the cardiac, 
vasomotor and respiratoiy centers (16). Furthermore, the work of McFarland, 
Khehr and Behrens (17) indicates that ocular activity is a sensitive indicator 
of hypoxia of the brain. The blood supplj’- to the ej’^eball was therefore left 
intact. Trial experiments demonstrated that the blood flow to the eye is too 
small, in comparison with the total cranial flow, to introduce a significant error 
in calculating the oxygen consumption figures for the brain. 

An important question to be answered is whether the perfusion was limited 
to the brain tissue alone. At the conclusion of each experiment a dye was 
injected into the arterial blood flow to the brain. In no case did more than insig- 


TABLE 3 


i 

DOG NO. 

Os CONSUilPTION OF 
INTACT DOG 

0; CONSUMPTION OF BRAIN 

PER CENT OF TOTAL CON- 
SUMED BV THE BRAIN 

1 

cc. i>er minute 

101 

CC. per minute 

7.4 

7.3 

2 

128 

10.2 

8.0 

3 

144 

9.6 

6.6 

4 

138 

11.1 

8.1 

5 

103 

8.5 

8.2 

6 

87, 

7.3 

8.4 

7 

91 

6.7 

7.4 

Average 



7.7 





nificant amounts of dj^e appear in tissues other than brain substance and the 
eyeball. The dye appeared in the brain tissue down to the lower end of the 
medulla. The brain was sectioned at this point and removed and weighed. 

The figures for blood flow cannot be regarded as comparable to cerebral blood 
flow in the normal animal. Although the mechanical pump delivered pulsatile 
flow and the perfusion pressure was maintained at approximately the carotid 
pressure of the normal dog, the small arterio-venous oxygen differences, when 
compared ivith values reported in the literature, indicate that the blood flows 
were greater than normal. 

The blood gas values of sinus blood and the venous outflow from the head 
were the same, a further indication that no significant blood flow to tissues other 
than the brain occurred. Preliminaiy perfusion experiments in which all the 
muscular branches of the carotid arteries were not ligated gave an apparent 
oxj’-gen consumption of 20.5 cc. per 100 grams of brain, a figure nearly double 
the value obtained after ligation of the extra-cranial arteries. 

With the limitations in mind of determining the respiratory quotient of tissues 
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by arterib'Venous blood gas differences (19), the results of these experiments are 
perhaps noteworthy in that they agree closely with earlier obseiwations on the 
R,Q. of the brain. Lennox (19) found an average brain R.Q. of 0.95 in human 
subjects and Himvich and Nahum (15) reported a value of 1.0 for dogs. In the 
sixteen obseiWations of these experiments, the average brain R.Q. is 0.94 (exclud- 
ing the first observation of expt. 7 which is inexplicably low). 

Table 3 shows a comparison of the basal oxygen consumption of the intact dog 
with that of the brain. 

The Qo, values are calculated on the basis of the wet weight of the brain. They 
may be converted to dry weight figures by multiplying by the factor 5 (18). 

SUMMARY 

A method of isolating the circulation to the dog’s brain and a perfusion tech- 
nique are described. The average minute o.xygen consumption per 100 grams of 
brain in seven experiments, using the above technique, was 10.9 cc. giving a Qo, 
of 6.8. The average brain R.Q. was 0.94. Observations on dextrose and lactic 
acid metabolism bj’- the brain are also recorded . These experiments mdicate that 
approximately 50 per cent of the oxygen supplied to the head region is used by 
the brain and that the brain accounts for about 8 per cent of the total oxygen 
consumption of the body at rest. 
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In a study in wdiich shock was produced in dogs bj" the release of tight leg 
tourniquets after a five hour period of constriction, it was obsen'-ed that saline 
infusions and a single large plasma ti-ansfusion could' prevent death in but a few 
of the cases (1). Ydien, however, the same amount of plasma was divided into 
five equal doses, and given intermittently over the vLole of the critical period, 
shock was prevented in all cases. These results led us to make a comparative 
study of the effectiveness of plasma, gelatin and saline in preventing shock 
following leg tourniquet release, and also that following leg muscle trauma. 
Both the single infusion and intermittent injections were employed for the 
administration of the plasma and plasma substitutes. 

Gelatin has been used in the treatment of shock by several groups of in- 
vestigators within recent years (2-9). Then reports indicate that its effective- 
ness in restoring a depleted plasma volume after massive hemorrhage or after 
bums is somewhat less than that of plasma, but greater than that of a salt or 
other crj'^stalloidal solution. Since different lots of gelatin, even when prepared 
in identical fashion, may vary somewhat, care was taken to reduce to a minimum 
the number of different batches used. All experiments were done with gelatin 
from two different lots. 

A. Tourniquet shock. As in the experiments published earlier (1), shock was 
produced in a series of dogs b}- the tight application, as high on the hips of both 
legs as possible, of a heavj' walled mbber tubing. In the previous publication, 
through a typographical error, the diameter of this tubing was quoted as 120 mm. 
instead of the correct 12 mm. The tourniquets were released after a period of 
5 hours. The symptoms shown bj”- the control animals for this experiment were 
identical in all respects with those previous^’' described (1) . There was a marked 
swelling of the injured legs, intense hemoconcentration (from 38 per cent hema- 
tocrit to 71 per cent), and a plasma volume reduction of 49 per cent. The evi- 
dence seemed clear that the essential factor contributing to the initiation of the 
shock condition was the extreme local fluid loss into the injured legs. 

A plasma transfusion of 25 cc. per kgm. bodj’" weight given either hnmediately 
after release of the constrictions, or later, ameliorated somewhat the extent of 

* The work described in this paper was done under a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Development and 
Princeton University. 

* Upjohn Research Fellow. 
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the hemoconcentration, but failed to prevent shock in 9 of 12 dogs (1). Saline 
infusions were even less effective. TSTien the same amount of plasma was 
divided into doses of 5 cc. per kgm. body weight each, and given at 0, 1, 2, 4 
and 7 hours after tourniquet release, all signs of shock Avere prevented in all 
cases of a series of 7 dogs. The positive effect could not be correlated Awth 
hemoconcentration changes. 

In the present experiments, 25 cc. per kgm. body weight of a 5 per cent gelatin 
solution, prepared in phj’’siological salt solution Arith an oncotic pressure of 70 
mm. Hg after steiilization^j Avas divided into 5 equal doses for intermittent 
transfusions into a series of 14 dogs. Thirteen of the transfused animals of this 
series shoAA^ed no signs of shock at any time, and Avere eating full rations at the 
end of 24 hours from the time of tourniquet release. The single failure survh'ed 
for 36 hours, maintaining a good arterial pressure throughout the interval, and 
then succumbed to a respiratoty infection. 

The other 13 dogs AA'ere kept ten days. The legs shoAA^ed no development of 
gangrenous areas, nor AA'ere anj’’ ill effects of the gelatin observed. So far as 

TABLE 1 


Average blood ■pressure, pulse, and blood concentration changes in 14 dogs protected against 
shock following release of leg tourniquets by an intermittent transfusion of gelatin 


1 

TIUE 

BLOOD j 

PRESSURE 

PULSE FEB 
ifINUTE 

irXilATOCRIT 

mt 

SERUM 

PROTEIK 


mm. Hg 

■■1 

per cent 1 

! grams per cent 

grams per eeitl 

Initial 

104 


1 40.2 ! 

14.3 

5.72 

Tourniquet release 


■^1 

50.8 ! 

17.7 

6.59 

4 hrs. after release 



60.2 I 

21.8 

6.39 

7 hr.s, after release : 



' 60.5 ■ 

21.2 

6.27 

24 hrs. after release 



54.2 

17.8 

5.72 


could be judged by blood pressure, hematocrit and hemoglobin changes, the 
gelatin AA-as just as effectiA'e as plasma AA'hen giA'en intermittently over the 7 
hour period. In fact, the hemoconcentration tended to be less extreme than AA'ith 
plasma transfusions (table 1). Serum protein concentrations, measured as 
serum specific gravity by the falling drop apparatus, .shoAA'ed a slight fall in the 
gelatin infused animals, rather than the rise AA'hich foIloAA's plasma treatment (1). 
Since it had been .shoAA-n previous^’' that a single large transfusion of heparinized 
plasma aa’cs ineffective in this type of shock A\-e did not attempt to test the 
gelatin b 3 ’ the single transfusion method. 

B. Leg muscle irauina. The type of leg muscle trauma empIo 3 ’^ed was similar 
to that first used b 3 ' Kendrick, Essex and Helmholz (10), Best and Solandt fll) 
and Cullen and associates (12), as later modified 63 ' Gregersen and co-workers 
(13). The animal is placed under ether anesthesia, and 400-800 bloAVS delivered 
to all faces of the thigh muscles of each leg Avith a 200 gram raAvhide mallet. 
Tlie legs are numbed and seA'ereb’^ bruised, but the skin is unbroken and no 

^ Wc are indebted to Dr. .John F. Norton and the Upjolm Company of ICalaraazoo Michi- 
gan for generous supplies of spcciall}’’ prepared sterile gelatin. 
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bones are fractured. Trauma is continued until the mean arterial pressure 
in the femoral arterj’- as determined the needle puncture method (14), has 
been reduced to 60-70 mm. lig. Ether is then discontinued, and the animal tied 
on its back on the animal board for 6 hours, after which, if still alive, he is re- 
turned to his cage. No food or water is given the animals which recover until 
after the 24th hour. 

Of a control series of 37 dogs subjected to this form of muscle trauma, 33 died 
in shock and 4 recovered. The average life span was 5 hours (15). As has been 



Fig. 1. Plasma volume changes after trauma 


reported by others, the shock induced bj'' this type of leg muscle trauma is not 
accompanied by consistent or significant changes in hematocrit, hemoglobin 
or seium protein. Blood changes shown by a representative animal are graph- 
ically presented in figure 1. The plasma volume, as measured by the dye 
T-1824 method (16), shows an average decline of 32 per cent before death. 
Detailed studies on the shock induced by leg muscle trauma will be reported 
later. We are concerned here solely mth the effect of transfusions of plasma, 
gelatin and saline upon the prevention ‘of shock induced by this procedure. 
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1. Single transfusion of ‘plasma. In all plasma transfusion experiments, sterile 
heparinized plasma, obtained by rapid continuous bleeding of a large donor dog, 
was employed. Each of a group of 10 dogs, subjected to muscle traumatization, 
was given a single intravenous transfusion of 33 cc. per kgm. body weight. As 
with the controls, the blood pressure was reduced to below 70 mm. Hg before 
trauma was stopped. The pressure then showed a slow rise to 80-90 mm. Hg, 

TABLE 2 

Average blood pressure and pulse changes in Iraurnalizcd dogs given plasma, 
gelatin and saline infusion 
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which level was maintained for a variable period. Transfu-sions were given only 
when the pressure level was again declining, and was below 85 mm. Hg (table 2). 
At least 1 hour was allowed from the time of the completion of the trauma. 
Of the 10 animals given the single pla.sma transfusion at this time, but 2 .survived. 
Hematocrit and hemoglobin levels evidenced a moderate blood dilution, which 
was not rapidb' lost (table 3). No correlation could be dra%vn between the 
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extent of this dilution and the sj’-mptoms of the animal. Serum protein con- 
centrations were elevated. 

2. -Inienniiient transfusioyi of plasma. An equivalent amount of plasma, i.e., 
33 cc. per kgm. body weight, was divided into 5 equal doses, and given at 0, 1, 
2, 4 and 7 hours after the trauma. Of 13 traumatized animals given this tjTie 
of transfusion 10 showed no symptoms of shock and survived indefinitely, and 
3 died in shock. Hemodilution changes were of the same general order as 
with the animals receiving the single plasma transfusion (table 3). 

TABLE 3 


Average blood concenlralion changes in traumatized dogs given plasma, gelatin and saline 

infusions 





i HOUR ATTER 

6 HOORS ATTER 

24 HOURS AFTER 






TRANSFUSION* 

TRAUMA 

TRAUilA 

i 

N'O. 

OF 

DOGS 

Hcmalocrit 

Hemoglobin 

Scrum protein 

Hematocrit 

Hemoglobin 

Scrum protein 

Hematocrit 

Hemoglobin 

Scrum protein 

*C 

o 

0 

eS 

1 
tu 

Hemoglobin 

Serum protein 



per 

cent 

gm. 

per 

cent 

gm. 

per 

cent 

per 

cent 

gm. 

per 

cent 

gm. 

per 

cent 

per 

cent 

gm. 

per 

cent 

gm. 

per 

cent 

per 

cent 

gm. 

per 

cent 

gm. 

per 

cent 

Plasma, 33 cc./kgm., single 









14.2^ 





transfusion 


[46.6 

17.3 

6.28 

31.3 

10.7 

7.09 

38.1 


6.44 




Gelatin, 33 cc./kgm., single 




transfusion 

10 

i 


16.5 

5.93 

28.4 

10.3 

4.96 

36.4 

13.0 

■ 

42.3 

14.9 

6.09 

Salt solution, 20%, 20 cc.. 

single tr.ansfnsion 

12 

47.5 

17.3 

6.12 

44.5 

16.6 

5.86 

43.9 

17.2 

B 

39.5 

13.8 

5.11 

Salt solution, 1%, 33 cc./ 

kgm., single transfusion. . 
Plasma, 33 cc./kgm., inter- 

12 

|48.8 

18.8 

6.01 

46.8 

17.6 
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15 
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6.50 

47.5 
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6.40 
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16.4 

6.25| 


13.8. 

5.62 


The experiments demonstrate again that small intermittent transfusions 
distributed over a 7 hour interval are more efficacious in preventing shock, both 
after tourniquet release and after leg muscle trauma, than a single large trans- 
fusion. 

3. Single transfusion of gelatin. A transfusion of 33 cc. per kgm. body weight 
of the 5 per cent gelatin solution was given at the time of the secondar 3 ’’ blood 
pressure fall, and never less than 1 hour following the completion of the trauma. 
Of 10 dogs so transfused, 5 showed no signs of shock and survived, while 5 died 
in shock, with the survival span somewhat prolonged (table 2). Hemodilution 
was more marked than with the animals receiving plasma (table 3), but, again, 
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t 

no correlation could be made between the extent of the dilution and the sjunp- 
toms of the animal. Seram protein values showed a distinct decline rather 
than the rise which follows injection of plasma. 

It should be noted that, in this experiment, the actual blood pressure level 
at the time the transfusion was begun (table 2) was lower in the animals which 
later succumbed than in those which recovered. In other words, the ineffective- 
ness of the gelatin infusion in 4 of the 10 animals might be correlated with the 
- fact that the .shock condition was more severe at the time the transfusion was 
started. Of the other 6, which showed blood pressure levels between 75 and 85 
mm. Hg at the time the transfusion was started, shock was prevented in 5. 

4. Intermittent transfusion of gelatin. Each of another series of 10 dogs was 
given the same total amounts of gelatin, 33 cc. per kgm. body weight, but 
divided into 5 equal doses, given at 0, 1, 2, 4 and 7 hours folio vdng conclusion 
of the trauma. Six of these animals exhibited no symptoms of shock, the other 
4 died in shock, but the sundval .span %vas lengthened (table 2). The differ- 
ence between the two modes of gelatin administration is not .sufficiently clear cut 
in this experiment to permit a conclusion as to their relative merits. 

5. Single infusion of 1 per cent salt solution. Since the gelatin was prepared 
in phy.siological saline, it seemed necessary to test the efficacy of saline alone 
in preventing shock. In the first of these experiments, 33 cc. per kgm. body 
weight of a 1 per cent salt solution was given as a single infusion at the time of 
the secondarj^ blood pressure fall. Of a total of 12 dogs, 7 had arterial pres- 
.siu-es between 75 and 85 mm. Hg at the time the infusion was begun and 
of these, G dogs lived indefinitely and 1 dog died after 12 hours. Of the other 5 
animals which showed blood pressures below 75 mm. Hg when the infusion 
was begun, 1 dog recovered and 4 died in shock. Hence, for this whole series 
of 12 dogs, 7 recovered and 5 died in shock. 

Hemodilution following the salt infusion was slight, and was not maintained 
(table 3). In fact, a tendency toward hemoconcentration followed Avithin a 
feAA' hours. Again, the .surAdv'al of the animal could not be correlated Avith blood 
dilution. 

6. Single infusion of hypertonic salt solution. Since the quantity of fluid ad- 
ministered is an important factor to be considered when comparing the value of 
blood sub.stitutes on .shock preAmution, a series of experiments Avas performed 
in AA’hich small amounts of highly concentrated salt solution AA^ere used. These 
solutions AA'ere giAmn intraA'enousl)’^ at a rate not exceedingly 0.5-1 .0 cc. 
per minute. 

In the first of these experiments, 20 cc. of a 20 per cent salt solution were given 
at the time of the secondarj’^ pressure fall to 12 dogs. Six of these remained 
sjTnptom free and surA'ived, and the other 6 died in shock (table 2). The pre- 
injection pressure IcA'els were of the same order in the animals AA'hich died and 
those AA'hich .surviA-ed. The infusion caused an immediate hemodilution, Avhich, 
howoA'er, Avas less marked and of shorter duration than that AA'hich followed 
use of either plasma or gelatin (table 3). OAA-ing to the intense thirst aroused 
by the injection of the strong salt solution, AA'ater A\'as alloAA'ed at the end of the 
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8th hour instead of waiting a full 24 hours as in the plasma and gelatin experi- 
ments. The ingestion of water did not seem to influence the results. 

7. Iniermittent infusion of hypertonic scut solution, 20 per cent. Twenty cubic 
centimeters of a 20 per cent salt solution was divided into 5 doses, and given 
intermittently over the first seven hours following trauma to 12 dogs. Six of 
these showed no signs of shock, and 6 died in the usual time inteiwal. There 
was, therefore, no indication that the intermittent saline injection was more 
efficacious than the single infusion. Hemodilution was as large as that obseiwed 
following either plasma or gelatin transfusions (table 3). 

8. Intermittent infusion of 30 cc. hypertonic salt solution, 15 per cent. Fifteen 
traumatized dogs w'ere given 5 intermittent injections of 6 cc. each of a 15 per 
cent salt solution over a 7 hour inteiwal. Nine animals of this series died in 
shock, and 6 suiwived. This proved the least successful series. A possible 
explanation for the rather low sun-ival rate may have been the deleterious 
effect of the high temperature and liigh humidity which prevailed in the labora- 
tory’’ at the time these exiieriments were perfoimed. 

Discussion. In so far as the treatment of shock follow’ing release of leg 
constrictions is concerned, the efficacy of intermittent transfusions over single 
transfusions seems quite clear. Neither a single infusion of salt solution nor 
one of plasma can prevent shock (1). The same amount of plasma, divided into 
5 equal doses, and given intermittently over a 7 hour period, is highly successful 
in protecting against shock. Likew’ise, a similar volume of a 5 per cent gelatin 
solution administered in similar fashion proved strikingly efficacious. 

The shock following leg muscle trauma appears to be less responsive to trans- 
fusions. Once again the value of intermittent plasma transfusions over a single 
injection seems established, since in the former case 77 per cent of the animals 
suiwived, and in the latter but 20 per cent failed to sho’w shock. The results 
obtained wdth gelatin are not so decisive however, for wdth both intermittent 
and single transfusions, the survival rate w’as of the order of 50 per cent. Since 
salt solution alone is also effective in about 50 per cent of the cases, it w’ould be 
difficult, if not impossible, to differentiate between the gelatin and the salt effect 
in shock prevention in these experiments. Unlike the shock follo-^ring leg con- 
striction, that folIoAring leg muscle trauma seems less responsive to gelatin than 
to plasma transfusions. 

The evidence seems clear that some degree of protection against shock -which 
folloAvs the type of muscle trauma employed is afforded by infusions of salt 
solution alone. A single large infusion seems as efficacious as repeated smaller 
injections, and a small volume of strongly hypertonic solution less valuable then 
a larger volume of isotonic salt solution. How'ever, the experunents indicate 
that saline infusions are relatively' ineffective in preventing shock when such 
infusions are started when the arterial pressure is veiy low’ and shock w’ell 
advanced. On the other hand, saline infusions are apparently’ highly beneficial 
w’hen given early and before the blood pressure has fallen markedly’, i.e., before 
sy’mptoms of shock appear. It seems not unlikely’ that large infusions of 1 per 
cent saline or 5 per cent gelatin, if given immediately’ following leg muscle 
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trauma, w'ould effectively prevent shock in an even larger number of the trauma- 
tized dogs than the 50 per cent obtained in these experiments. This represents 
a positive effect since in a series of untreated controls but 4 of a total of 37 dogs 
survived. 


SUMMARY AND CONCLUSION 

1. Twenty five cubic centimeters per kilogram of 5 per cent gelatin in physio- 
logical salt solution given intermittently over a 7 hour period at the rate of 5 cc. 
per kgm. prevented shock in all of 14 dogs following release of leg tourniquets. 

2. The intermittent method of transfusing small amounts of plasma is much 
more effective in preventing shock followdng leg muscle trauma, than is a single 
large transfusion. Ten of 13 dogs did not show symptoms of shock after trauma 
w'hen given plasma intermittently whereas but 2 of 10 dogs siuwived when a single 
large transfusion wms emplo 3 'ed. 

3. Both 5 per cent gelatin in physiological salt solution and salt alone either 
in isotonic or hjqjertonic solution given as a single injection or intermittently over 
7 hours led to survival of approximately 50 per cent of the traumatized animals. 

4. Saline infusions are relatively ineffective in preventing shock induced b}’’ 
leg muscle tramna when such infusions are started when the arterial pressure is 
low and shock well advanced. However, the}’’ are apparently highly beneficial 
w’hen administered before shock symptoms have appeared. 
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The earh' investigators in the field of animal mechanics assumed that in the 
Avell-fornied individual the vertical projection of the center of gravity of the 
bod}' as a whole must lie in the midsagittal plane (Schafer, 1900). Thus the 
human body in the normal Sfdhmg of Braune and Fischer (1890) was represented 
as passively poised over the ankle joint in a strictl}- sjunmetrical posture. Al- 
though it is well recognized that gravity is the chief deforming force affecting 
the vertical alignment of man, the magnitiide and disposition of the graidta- 
tional rotatory stresses have been little studied, and direct e.\perimental con- 
firmation of the symmetry of standing is difficult to find. We have obseived 
that the vertical projection of the center of gravity tends to fall slightly to the 
left and behind the geometric center of the total supporting base (Hellebrandt 
and Braun, 1939; Hellebrandt and Fries, 1942). This posterosinistral stance 
eccentricity occurs with sufficient frequency to suggest that the deviation may 
have biological significance. We found it to be characteristic of about 80 per 
cent of the subjects thus far studied. 

Anatomic and physiologic asymmetries are frequent in Nature. The popula- 
tion of the universe appears to consist mainly of right-handed individuals. 
The crown Avhorl of head hair, Avhen viewed from above, has a clockwise twist 
in the great majority of persons (Nevunan, Freeman and Holzinger, 1937), but 
the fetal rotation of the gut is counter-clockwise in direction and duodenal 
hernias occur on the left in 76 per cent of the reported cases (Gushue-Taylor and 
Haj^^ard, 1942). There is a preponderance of cuivatures of the spine convex 
to the left (Kuhns, 1938), and thromboses of the left iliac vein (McMurrich, 
1908). Inequality in breast size has been reported, the left commonly being the 
larger (Gray, 1942). There is usually some lateral torsion of the uterus from 
left to right (Schumann, 1936). This is exaggerated during gestation and may 
reach 70 degrees. Occasionally the torsion may be in the opposite direction 
but statistics shoAV that it occurs from left to right in 80 per cent of cases (Stander, 

1941) ; Searching for an explanation of stance asj-mmetry we postulated that 
this might be compensatory for a right-sided morphological preponderance 
associated with anterodextral functional limb preference (Hellebrandt and Fries, 

1942) . The object of this study was to determine Avhether there is significant 
antecedence in the volitional use, and diffei'ence in strength and size of the limbs 

’ I 

of the tAvo sides of the bod 3 ^ 

Methods. 1. Limh preference. The first obseivations of limb preference 

1 Supported in part by the Wisconsin Alumni Research Foundation. 

A preliminary report of this study was read before the j\Iid-western Section of the Ameri- 
can Congress of Physical Therapy in Rochester, Minn., IMay 28, 1943. 
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were made by the method of Irwdn (1938). The}'- were subsequentb^ confirmed, 
using an electronic precedence indicator devised and constructed by Gilson (1943). 
The subject, isolated in a dark room, was seated with the hands or feet resting 
on telegraph keys. The operator, from an adjoining room, controlled a bank of 
four colored lights, suitabty dimmed and adjusted in front of the subject at ejo' 
level. The test was of the complex dilemma t3'pe. Whenever a predetermined 
combination of lights flashed, the subject responded bj’’ lifting the hands or feet 
from the kej’-s, replacing them immediately. Six light combinatioas were em- 
plo^md. The order in which thej’’ were administered was standardized b}' random 
choice, arrived at bj’ throwing a die to each numeral of which one light combina- 
tion was assigned. The series consisted of 83 light flashes containing 25 of the 
stimulating combinations in chance distribution. The series was administered 
in four consecutive bouts to estimate the preference of the upper and lower ex- 
tremities, each thus responding 100 times. The keys upon which the hands or 
feet rested controlled thj'ratrons which operated electro-magnetic counters. 
If one limb was raised at least 10 microseconds before the other, its precedence 
was recorded on the appropriate counter. 

2. Strength. Strength tests are notoriously’’ unreliable. To minimize the 
influence of uncontrollable variations in response, four different tests were 
employed. The force of a maximum effort was measured with a standard grip 
dymamometer. ^Martin’s strength test (1918) was modified and used to estimate 
resistance to a gradually increasing force. To expedite the administration of 
the test, equipment was constructed which allowed firm immobilization of the 
subject during the application of the pull. A padded .sling was fixed at right 
angles to the part to be tested and attached to a spring scale. To permit ac- 
curate adjustment of the angle of pull, the scale was suspended at the appropriate 
level from a ridge pole which could be swung through an arc of 180 degrees. A 
steady, gradually' increasing pull Avas supplied by a half horse power a.c. motor. 
At the instant the resisting muscular contraction was overcome, the motor was 
switched off and the scale read. The muscle groups studied were those which 
produce protraction and retraction of the shoulder girdle, flexion and e.xtension 
of the forearm, hip joint extension, abduction and adduction, and knee joint 
extension. The maximum resisting force which could be summoned was 
measured. 

Repeated contractions may' give a better estimate of muscle strength than a 
single maximum positive or resistive effort. A comparative study' was made 
of the strength of the third digit flexors of the right and left hands using the 
iSlosso ergograph. The two sides were tested alternately'. The rhythm of 
contraction was set with a metronome and kept constant. The total number of 
trials was also kept constant. Tlie subject made 30 maximum efforts in 60 
.seconds. The initial load was 1 kgm. This was augmented by 0.5 kgm. incre- 
ments at successive trials to 4, 4.5 or 5 kgm. depending upon the strength of the 
subject. A kymograph record of the fatigue curA'c was obtained and the total 
distance through which the load Avas lifted AA'as measured. 

A similar strength test was dcA'ised to appraise the stay'ing power of the 



THE ECCENTRICITY OF STANDING AND ITS CAUSE 


207 


lower extremities. The subjects pedaled the electrodynamic brake bic 3 "cle 
ergometer first i\ith one and then ^nth the opposite leg (Kelso and Hellebrandt, 
1934). The free lower extremity was comfortabh'- supported during the exercise. 
A clamp attached to a rigid vertical support stabilized the pelvis during the 
unilateral pedaling. Alternate .subjects rode first vith opposite legs. After 
a suitable recoveiy period the activity was repeated on the opposite leg. The 
subject rode against a heavj’- load at a comparative^ slow rlythm. The rate 
of working ranged from 309 to 740 kgm.-m/min. at an average r.p.m. of 47. 
The majority selected 500 kgm.-m/min. Each trial was carried to exhaustion. 
To assist in the differentiation of spurious from physiologic end-points of fatigue, 
heart rate and blood pressure responses to the exercise were measured. Obser\’-a- 
tions were made at 60 sec. intervals and continued through the whole of the exer- 
cise and recoveiy periods after the subject had been carefullj^ stabilized in 
recumbency. The work was hard. Cramps of the leg muscles occurred fre- 
quently during or at the cessation of the exercise. Heart rates occasionallj’’ 
reached 200/min. The sj'stolic blood pressure did not exceed 190 mm. Hg. 
The duration of exercise was the independent variable. If the cardiovascular 
responses to the shortei- ride were comparable to those of the longer, it was 
concluded that an all-out effort had been made on both trials, and the difference 
in stajdng power was not of psychic origin. 

3. Limb volume. To gauge morphologic differences in size which might 
account for stance eccentricity the volume of the appendages Avas measured, 
immersing the limbs in ivater at approximate^ skin temperature and estimating 
the quantity of fluid displaced. Since superiority in functional capacity maj'^ be 
associated with improvement in blood supply and an increase in the size of the 
peripheral vascular bed an estimate was also made of the fluid accumulating in 
each limb under the influence of the hj'^drostatic effect of gravity when allowed 
to act for a given period of time, 20 minutes, under strictty standardized condi- 
tions. 

4. Morphologic symmetry. As a final test of sj’^mmetiy, differences in the 
Aveight of the tAAD sides of the body AA'ere obserA’^ed in recumbencj’- on a balance 
board which permits the location of the center of graAoty in a plane passing 
from head to foot. The subject aa'us carefully balanced on a mOA'^able platform 
suspended from knife edges AAuth gentle traction applied to head, AATists and 
ankles through equalizing 3''okes. A counter-w'eight Avas used to nullif3^ the 
distorting effect on the center of graAuty produced by platform moA^ement. 
A sight line AA^as strung from head to foot in the plane of the knife edges and the 
subject Avas photographed from aboA'^e. The distance betAA'een the sight line 
and selected anatomical points could then be measured. 

Results and their interpret.a.tion. The subjects of the investigation 
AA'ere normal young adult AA'^omen, professional students in ph 3 ’sical education 
AA’ho participate in a A’^ariety of S3’'mmeti'ic and asymmeti'ic actiAuties. They 
AA'ere accustomed to the seA’ere exercise of competitiA''e athletics, AA'ere familiar 
AA'ith laboratory procedures and could be relied upon to put forth a maximum 
plwsical effort. Forty-seven AA'omen acted as the subjects for the limb preference 
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studies. The remaining observations were made on a group of 20, each being a 
subject for the series of 8 experiments. The results are summarized in table 1. 

1. Limb preference. The limb preference data jdelded 5400 responses for the 
hands and a similar number for the feet. The right hand responded first in 49 
per cent of the total number of trials, the left in 51 per cent. The difference 
between the two is small. The same is true of the foot responses, except that 
the preference was reversed, and the difference between them was slight!}' 
greater, 53 and 47 per cent respectively. In the analysis of the group data a 
slight preponderance of choice fell to the right foot and to the contralateral 
or opposing hand, as though the preferred lower limb were being maintained 
in a position of readiness for action with the center of weight eccentric in a 
counterbalancing position. 

TABLE 1 


Mean preference, strength and size of the limbs and the differenee between the right and left sides 



EIGHT 


TErr 


1 DinXEE.VCE 

UNITS 

M 

SD 

D 

M 

SD 

v 1 D 

j CR 

Arm preference.. . 

47.50 

2.S.58 


52.80 

27.69 

52.44 

■■ 

■ 

% total trials 

Leg preference 

52.59 

32. S5 

62.46 

47.69 

32.43 


B| 

0.73 

% total trials 

AIosso ergograph. 

112.25 

61 .75 

55.01 

102.25 


58.92 


1.33 

kgm. 

Grip strength 

33.76 

4.75 

6.39 

27.22 


6.85 

6.54 

4.43 

kgm. 

Martin test 

445.53 


18 09 

431 47 

74 52 

17 27 



lb 

Bicvcle time 

12.42 

7.92 

63.77 

10.95 

6.51 

59.45 

1.47 

0.61 

min. 

Bicvcle work 

5686.67 

3318.62 


2750.69 


0.67 

kgra.-m./min. 

Arm volume 

1.54 


19.48 

1.45 

0.33! 

1 

22.76! 

0.09 

0.92 

1 

Leg volume 

4.80 

0.81 

16.87 

4.73 

0.88| 

18.60, 


0.27 

1 

Arm edema 

82.18 

52.51 

■ 

74.55 

! 

36.76:49.31! 

7.63 

0.39 

cc. 

Leg edema 

254.54 


■ 

235.91 

168.11, 

71.26: 

18. 63 jo. 29 

cc. 


2. Slrenglli. The right grip strength was significantly stronger than the 
left. This was true of all but one subject, who was left-handed. The average 
right grip was 34 kgm. strong as compared with 27 kgm. on the left. Thus the 
socially dominant hand was 24 per cent stronger than the contralateral ex- 
tremity and 55 per cent of the total grip strength resided on that side. A total 
of 272 muscle groups were measured as to strength by the Martin test. The 
maximum resisting force developed on the two sides was practically identical, 
50.80 per cent being distributed to the right and 49.20 per cent on the left. Thus 
the right side was only 3 per cent stronger than the left. Dawson (1935) states 
that the difference in strength between the two sides of the bod}’' is ver}' small 
indeed. In 1918 ]Nrartin made a study of muscular strength and-.symmetr}’’ and 
concluded that the difference in the strength of the two sides of the body, when 
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measured his method, was neither gi-eat enough nor sufficiently constant to 
involve serious error if the two sides were assumed to be equal. 

The series of experiments with the Mosso ergograph jdelded 262 kymographic 
fatigue curves. The right and left strength were again very nearly the same. 
The right middle digit was 10.08 per cent stronger than the same finger of the 
contralateral limb. The mean duration of the unilateral exercise of the bicycle 
ergometer on the right exceeded the endurance on the left by 13.5 per cent. The 
average total work done was well over 10,000 kgm.-m, 53.20 per cent being con- 
tributed by the right extremity and 46.80 per cent by the left. 

S. Limh volume. The stronger right arm displaced more water than the left, 
the difference being 6 per cent. The legs were more nearl}’' equal in size. The 
difference in the amount of water displaced was only 1.5 per cent greater on the 
right than on the left. These slight differences in limb volimre were exaggerated 
when the stasis and edema of hydrostatic origin were measured. The findings 
suggest that greater strength maj'" indeed be associated with an increased capacity 
of the vascular bed. The accumulation of five or six hundred cubic centimeters 
of fluid unequally distributed between the appendages of the two sides thus adds 
itself to the small differences in muscle mass associated with as^mmetiy of 
strength and limb preference. As seen from an examination of the critical 
ratios in the table, the onlj’’ statistically significant difference between the right 
and left sides is in grip strength. This is perhaps to be expected because of the 
lack of homogeniety in this small group. The average weight of the subjects 
was 138.82 lb. but this important variable ranged from 106 to 173 so that great 
differences in strength and limb volume must follow. It is suggested that the 
sum of the various differences may reach proportions of significance to the 
mechanisms concerned with the maintenance of balance. It may be a matter 
of no great physiological moment to cope with one, whereas in the aggregate 
a group of small as^unmetries may make themselves felt, especially if they fall 
persistently to the same side. Thus conceived, the data take on increased 
significance. 

If-. Morphologic symmetry. When the right and left sides of the bodj’’ were 
compared with the subject in recumbenc.y on the balance board, 85 per cent 
were observed to be heavier on the right side than on the left. Only one appeared 
to be strictly symmetrical. How much of this is due to differences in muscle 
mass and how much to inequalities in visceral weight is open to speculation. 
Lyman (1942) reports the weight of muscle in rats to be heavier on the right in 
94 per cent of the experimental number. This raises the question as to whether 
human asymmetiy is inherited from the quadruped. 

If the right side of the bod}’’ is, in general, stronger and heavier than the left, 
it remains of interest to consider why the average center of gravity is eccentric 
to the contralateral instead of the homolateral side. This maj’' be a simple 
overcompensation phenomenon, acting in the anteroposterior as well as the 
transverse vertical plane. Standing is not a static phenomenon. It is, in 
reality, movement upon a stationary base. In stable and phj'-siologically well 
poised individuals, postural sway ma 3 '^ be virtual^’' insensible but this is bj'' no 
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means invariably true. That postural sway is inseparable from the upright 
stance has been abundantly recognized and extensively studied since the pioneer 
observ^ations of Vierordt ( 1862 ). It follows that the center of gra\dty of the 
bod3'' as a whole must also shift incessantly during standing. 

To suppose that the average position of the trajectoiy of the incessantly 
.shifting center of weight vdll plumb over the exact center of the base is expecting 
much of the automatisms knovTi to control posture. Undercompensation 
would be unbiological since biped standing, being a basic requisite for normal 
life and activity, is well protected. Overcomp ensatioiLs, on the contrar}', are 
commonly’’ obser\’^ed in the normal functioning of aU organ S3’^stems. Since the 
center of gravit3’^ falls -well in front of the axis of rotation of the ankle joint, 
gravitational rotator3' stresses keep the leg constant^ in an unbalanced position. 
The .stresses tending to tip the bod3’- forward are equilibrated by the antigravity 
extensors. If they ovenshoot their mark in efforts of protection, the average 
position of the obseiwed center of gravit3’^ will fall behind the geometric center 
of the base. Similarh’’, the heavier right side of the bod3' unbalances the stance 
in the trans\'erse vertical plane, giving rise to a second rh3i;hmic series of m3mtatic 
reflexes in muscles which respond in a manner destined to equilibrate the disturb- 
ing force. Each time a barrage of proprioceptive impulses elicited by stretch 
associated with postural swa3’’ impinge upon cord centers, the motor impulse 
called forth more than meets the unbalancing force and the average center of 
gi-avity falls off-center to the contralateral side. 

SUMMARY AND CONCLUSIONS 

A series of expeiiments designed to yield quantitative estimates of right and 
left-.sided differences in size, strength and limb preference were performed on a 
small group of young adult women in an effort to elucidate the mechanism of 
the slight posterosinistral eccentricit3’’ of the vertical projection of the center of 
gravit3' of the body as a whole which characterizes the upright .stance of 80 per 
cent of normal .subjects. The evidence substantiates the following conclusions: 

1 . Morphologic and functional as3Tnmetries occur in limb preference, volume 
and strength. 

2 . Mthough most of the obsen-ed as3Tnmetries are too .small to have statistical 
significance the3’' constants favor the right side. 

3 . It is suggested that in the aggregate these small dextral as3’mmetries in 
functional capacit3' associated with like differences in .strength and size have 
the effect of a slighth" eccentric countenveight on the incessant" shifting rota- 
toiy moments acting on the joints of the weight-bearing .skeletal parts. The 
autonomous equilibrating muscular contractions called forth overcompensate 
for the force of this eccentric weight and the anteriorte unbalanced position of 
the leg b3' an amount great enough to result in a slight eccentricit3' in the location 
of the mean vertical projection of the center of weight in a position contralateral 
to the sum of the unequal .stresses. 

A cknoiclr figments. Our best thanks are due Prof. L. E. A. Kelso for his 
assistance in the planning and te.sting of the new center of gravity platform and 



THE ECCENTRICITY OP STANDING AND ITS CAUSE 


211 


.especially for bis design and construction of the modification of the blartin 
Strength Test apparatus described in this paper; to Dr. W. E. Gilson for his 
development of the electronic precedence indicator; and to E. Betts, P. King, 
D. Lybarger and J\I. Merrill for technical assistance in the conduct of the ex- 
periments. 
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Prothrombin is recognized entirely b3’' its activit3^ Little Is knomi of its 
actual composition except that it is either a protein containing about 4 per cent 
carboh3’'drate ( 1 ), or Ls closel3'' associated ivith such a protein. The possibility 
that prothrombin ma3" be a complex like complement made up of several com- 
ponents has not been videL-- recognized since no experimental data in its support 
have heretofore been offered. It is the purpose of this paper to present a num- 
’ her of simple experimental findings which can best be co-ordinated and explained 
b3’’ postulating that prothrombin is composed of two essential and separable 
factors which appear to be combined -with calcium. 

Evidence of two components in prothrombin. "V^Tien oxalated human plasma 
in an unstoppered container is placed in a refrigerator, the prothrombin as 
measured by the author’s method ( 2 ) progressivel3' decreases as illustrated in 
table 1 . It has previous^' been shown ( 3 ) that the destruction of prothrombin 
can be hastened in human blood b3’’ heating the plasma to 38 °C. and passing a 
cunent of air through it. It appears that oxidation is the cause of the diminu- 
tion of prothrombin. This is supported b3’’ the finding that the disappearance 
of prothrombin can be prevented or retarded b3’' a layer of carbon dioxide gas 
above the plasma. 

Tlie feeding of toxic sweet clover ha3’' or its toxic principle, now known to be 
3,3 methylene-bis -(4 h3’^drox3' couraarin) ( 4 ), causes a profound reduction of 
the prothrombin of the blood. The t3'pical course of the h3’poprothrombinemia 
in dicumaroP poisoning is presented in table 2 . 

Since the prothrombin of the plasma is diminished both after storage and in 
dicumarol poisoning, it Ls to be expected that when the two t3'pes of plasma are 
mixed, the blended plasma should show a prothrombin content corresponding 
to the average of the two plasmas. Surprising^ this is not the case as experi- 
ment 1 demonstrates. 

The fact that mixing the two plasmas, both of which showed a marked reduc- 
tion of prothrombin, caused a restoration of the prothrombin above the normal 
level of human plasma, indicates that the diminution of prothrombin in the two 
t 3 'pes of plasma is not identical. The simplest explanation is that prothrombin 
is composed of two factors or components, one of which is labile in vitro and 
disappears when blood Is stored, while the second becomes diminished when the 
animal is poisoned vith dicumarol. For simplicit3’' the first factor Is designated 
as component A, and the second — component B. 

* Aided by a grant from the Committee of Scientific Research of the American Medical 
Association. 

- The dicumarol used was kindlj' furnished bj' Eli Lilh' and Company. 
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ConiTponent A. This factor is demonstrable by its ability to restore the pro- 
thrombin time of stored plasma. In testing for its presence or estimating its 
concentration, component B must fiist be removed. The latter is completely 
adsorbed by aluminum h3’'droxide, which does not remove component A. The 
test is earned out as follows; nine volumes of oxalated plasma are mixed vdth 
one volume of aluminum hydroxide cream. Tlie mixture is incubated for 15 


TABLE 1 

Increase of prothrombin lime in stored plasma 


AGE or PLASilA 

PROTHROMBD? TIME (SECONDS) 

i HUMAN PIASMAS 


I 

II 

in* 

IV 

V 

VI 

VII 

villt 

days 










12 

Hi 

12 

111 

111 

IH 

111 

Hi- 

1 

14 

16 

15 

121 

m 

12 

12 

12 

2 

16 

17 

17 

14 

151 

13 

131 

12 

3 

20 

19 

21 

141 

16 

141 

15 

12 

4 

. .22 

21 

23 

16 

19 

17 

151 

12 

5 

26 

27 

26 

IS 

1 23 

20 

16 

121 

6 

31 

33 

31 

19 

27 

27 

•22' 

121 


* The first three specimens show the rate of decrease of prothrombin usually observed 
during the winter months. 

t Specimens 7 and 8 are from the same subject, but 8 was covered with a layer of carbon 
dioxide and stoppered. 


TABLE 2 

Increase of prothrombin lime after feeding dicumarol* 


* TlilE 

j PKOTHROUBW TIME (SECONDS) 

Rabbit 

Dog 

days 

1 

6 (100) t 

6 (100) 

1 

12 (20) 

HI (20) 

2 

191 (5) 

20 (5) 

3 

44 (11) 

41 (If) 

■ 4 

110 (f) 

43 (11) 

5 

195 (>1) 

150 (1) 


720 (>1) 

360 Of) 


* Ten milligrams of dicumarol per kilogram of body weight was fed daily, 
t The figures in parenthesis are the concentration of prothrombin in per cent of normal. 


minutes at 37°C. and stirred frequently. The aluminum hj’^droxide is remPved 
bj’’ centrifugation. To 3 volumes of stored human plasma is added 1 volume 
of the “alumina plasma” which is to be tested. For the determination, 0.1 cc. 
of the mixed plasma and 0.1 cc. of tluomboplastin are transferred to a small 
test tube, and 0.1 cc. of 0.02 M calcium chloride forcefully blovm in to obtain 
instantaneous mixture. The reaction is carried out at 37 °C. and the coagulation 
time accurately measured vdth a stop watch. 
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It has been found that the content of component A in dog and rabbit blood is 
the same whether component B is removed phj'siologically by means of dicumarol 
or chemically with aluminum hj'droxide as shown by experiment 2. 

The concentration of component A appears to be much higher in dog and 
rabbit plasma than in human, but considerable fluctuation of factor A occurs 
in the latter. See experiment .3. 


EXPERIMENT 1 

The decrease of prothrombin in stored plasma and after feeding dicumarol 


] 

PEOTHSOinJIK TIitE ' 

PEOTSEOMBIK 

CO.VCE*iTEATIOKt 

Human plasma I (stored 8 davs) 

seconds' ] 

4.5 

6 

Dog plasma II (after feeding dicumarol) 

180 

>1 

Plasma I + Plasma II (equal volumes of each) 

10 

<100 



* The clotting time of 0.1 cc. of o.valated plasma mixed with 0.1 cc. of thromboplastin 
and 0.1 cc. of 0.02 M calcium chloride. 

t In terms of per cent of normal on the basis of the prothrombin level in human plasma. 


EXPERIMENT 2 


Removal of component B from plasma with aluminum hydroxide and by feeding dicumarol 



PROTHBOKCn; TIUE 

Human plasma I (stored 5 days) 

seconds 

24 

Dog plasma II (treated with A1 (OH)s) 

« 

Dog plasma III (after feeding dicumarol) 

180 

0.3 cc. of plasma I + 0.1 cc. of plasma II 

10 

0.3 cc. of plasma I + 0.1 cc. of plasma III 

10 



EXPERIMENT 3 

The concentration of component A in dog and in human plasma 



PEOTHEOUBDf TME 

Human plasma I (stored 6 daj's) 

seconds 

37 

Dog plasma II (treated with Al(OH)j) 

00 

Human plasma III (treated with Al(OH)j) 

ZC 

0.3 cc. of plasma 1 -P 0.1 cc. of plasma II 

10 

0.3 cc. of plasma I -5- 0.1 cc. of plasma HI 

25 



It vill be obsen'ed that the concentration of component A is much higher in 
dog than in human plasma. In fact the addition of dog or rabbit plasma, from 
which component B lias been removed, to human plasma (either fresh or stored) 
reduces the prothrombin time to 9 or 10 seconds. This is shorter than that of 
normal plasma which is 11 to 127^ seconds. Whether this is to be interpreted 
that human plasma contains less than the optimum amount of component A in 
relation to its concentration of the B factor is a subject of further inquiry. Tlie 
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rate of disappearance of component A from Inmian plasma varies considerably. 
It is not possible at present to state vliether this is due to a greater initial con- 
concentration or to variations in stabilizing factors of the plasma. It appears 
that there is a seasonal variation, but this requires further study. 

Component A is destroyed by heat. If either alumina or dicumarol plasma 
is heated at 60°C. for 15 minutes, little active component A remaius as shovm 
by experiment 4. 

Both component A and B are to a certain degree group specific. Thus, com- 
ponent A of chicken plasma does not reduce appreciably the prothrombin time 


EXPERIMENT 4 

The effect of heal on components A and B 



PROTHROMBIN TIME 

Human plasma (stored 9 days) 

seconds 

50 

Dog plasma II (treated with AI(OHlj) 

CO 

0.3 cc. of plasma I 4- 0.1 cc. of plasma II 

10 

0.3 cc. of plasma I + 0.1 cc. of heated plasma IP 

30 

0.3 cc. of heated plasma I* + 0.1 cc. of plasma II 

00 




* Incubated at GO^C. for 15 minutes. 


EXPEREMENT 5 


Group specificity of components A and B 



PROTHROMBIN TIME 

Human plasma I (stored 7 days) 

seconds 

38 

Chicken plasma II (treated with Al(OH) 3 ) 

CO 

0.3 cc. of plasma I -{- 0.1 cc. of plasma II 

32* 

Chicken plasma III (stored 6 daj^s) 

42 

Dog plasma IV (treated with Al(OH) 3 ) 

CO 

0.3 cc. of plasma III 0.1 cc. of plasma IV 

33t 



* Rabbit brain thromboplastin was used. With chicken brain thromboplastin the 
prothrombin time was 105 seconds. 

t Chicken thromboplastin was used. AVith rabbit brain thromboplastin the prothrom- 
bin time was ISO seconds. 

of stored human plasma; and alumina rabbit plasma onlj^ slightly lowers the 
prothrombin time of stored chicken plasma (expt. 5). 

The siahiliiy of compojient A in true or unmodified plasitia. Chicken or goose 
plasma which can be kept liquid without the addition of a decalcifying agent 
shows little or no diminution of prothrombin when stored, wdiereas the oxalated 
or citrated plasma loses its prothrombin, or more accurate^' its component A, 
liromptly, as showm in experiment 6. 

This experiment clearlj’’ demonstrates that component A is stable Avhen the 
plasma is in its native or unmodified state, w'hereas in oxalated or citrated 
plasma it is easily destroyed. This suggests that in blood the t^vo components 
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are bound by calcium, and that they are thus protected against external factors 
such as oxidation. 

Covvponent B. As alread}-- stated, it is this factor which diminishes when an 
animal is fed dicumarol. Preliminary studies suggest that a deficiency of \dta- 
min K likewise produces only a reduction of component B. Thus, in a patient 
Anth obstructive jaundice, a definite decrease in the latter Avas found; 

Component B is destro3’-ed by heating to 60°C. (see e.xpt. 4). . It is group 
specific as demonstrated in experiment 5. Aluminum hydroxide remoA’^es the 
component completelj^ from oxalated plasma, but apparently does not adsorb 
it from true or unmodified plasma in AA'hich the calcium has not been remoA^ed 
and the prothrombin complex has been alloAv^ed to remain intact. The evidence 
for this was obtained Ida'- adding just sufficient heparin to rabbit blood to preA'ent 

EXPERIMENT 6 

A comparison of the stability of prothrombin {or component A) in oxalated and inunmodified 

plasma 


Unmodified chicken plasma... 

Saline solution 

Chicken thromboplastin 

0.1 cc. 

0.1 cc. 

0.1 cc. 

Oxalated chicken plasma 

Chicken thromboplastin 

Calcium chloride 0.02 M 

0.1 cc, 
0.1 cc. 
0.1 cc. 

Clotting time 

. 11 sec. 

Clotting time 

. 11 sec. 


After 3 days storage* 



12 sec. 


18 sec. 


After 7 days storage 



lOi sec. 


32 sec. 

Unmodified goose plasma. . . . 

0.1 cc. 

O.valated goose plasma 

0.1 cc. 

Saline solution 

0.1 cc. 

Chicken thromboplastin 

0.1 cc. 

Chicken thromboplastin 

0.1 cc. 

Calcium oxalate 0.02 M 

0.1 cc. 

Clotting time 

9j sec. 

Clotting time 

. 10 sec. 


After 4 days storage 



10 sec. 


32 sec. 


* Blood was kept in small unstoppered test tubes coated with collodion. Thetempera- 
ture of storage was 10°C. 

coagulation. Such plasma will on the addition of thromboplastin still coagulate 
readily. To 9 A'olumes of the heparinized plasma, 1 Amlume of aluminum hy- 
droxide cream Avas added, and the mixture incubated at 37°C. for 15 minutes. 
As a control, a sample of the heparinized plasma AA-as oxalated before treatment 
AA-ish aluminum Iwdroxide. The results are recorded in experiment 7. 

The calcium factor. In a preAUous publication the author (5) postulated that 
i:)rothrombin is a calcium compound AA'hich is slightlj’’ ionized. 

Prothrombin Ca Prothrombin“ + Ca-^ 

This equilibrium is expressed b}' the equation: 

Prothrombin” X Ca"^ 


Prothrombin Ga 
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Sodium oxalate or citrate inhibits coagulation by depressing the calcium ions. 
The action of sodium oxalate solution is relatively slow, probably because of the 
lag vdth which the equilibrium between soluble and insoluble calcium oxalate 
is established. It was found that sodium citrate acts promptly and therefore 
is better suited to stud}’’ the depression of calcium ions and its effect on 
prothrombin. 

Experimental. Blood was dravn directly into a test tube under a layer of 
mineral oil. The test tube was coated with collodion and the connecting 
glass tubing with paraffin. The test tube was immersed in ice, and carbon 
dioxide inm through the apparatus just prior to the collection of the blood. 
By exercising great care in preventing the blood from coming in contact Avith 
air or glass surface, coagulation could be retarded 6 hours or more. 

From the findings recorded in table 3, it can be seen that more citrate is needed 
to suppress the coagulation of rabbit blood than of human blood. This is to be 


EXPERIMENT 7 

The action of aluminum hydroxide on component B in decalcified and non-decalcified plasma 


Heparinized rabbit plasma* . . . . 

Saline solution. 

Thromboplastin 

0.1 cc. 

0.1 cc. 
0.1 cc. 

Heparinized rabbit plasma 

treated Avith Al(OH )3 

Saline solution 

Thromboplastin 

0.1 cc. 
0.1 cc. 
0.1 cc. 

Clotting time 

12 sec. 

Clotting time 

. 16 sec. 

Oxalated heparinized plasmaf . . 

Thromboplastin 

Calcium chloride 0.02 M 

0.1 cc. 

0.1 cc. 
0.1 cc. 

Oxalated heparinized plasma 

treated Avith Al(OH)8 

Thromboplastin 

Calcium chloride 0.02 M 

0.1 cc. 
0.1 cc. 
0.1 cc. 

Clotting time 

13 sec. 

Clotting time 

. 


'* The blood contained 6 Toronto units (0.006 mgm.) of heparin per 5 cc. 
t The blood contained 10 Toronto units (0.01 mgm.) of heparin per 5 cc. 


expected since the author (6) has found by various methods that rabbit blood 
contains five times more prothrombm than does human blood. If it is assumed 
that only prothrombin Ca is active, i.e., is convertible to tlu-ombin, one can 
conclude that prothrombm can be estimated at least roughly by titration of the 
plasma A\dth sodium citrate. Thus, if 0.02 cc. of 0.1 M sodium citrate is added 
to 0.5 cc. of human plasma, the prothrombin time is increased to 15 seconds 
Avhich according to the author’s prothrombin curve indicates a 50 per cent reduc- 
tion of the prothrombin. An inspection of the data of table 3 shoAvs that if the 
calcium ion concentrations be plotted against the prothrombin times, a hyper- 
bolic curve is obtained resembling the typical and familiar prothrombin curve. 
The exact mathematical treatment of the data aarII be reserved for a future 
publication. 

It is interesting that Ransmeier and McLean (7) studying the effect of the 
calcium ion concentration on the coagulation time of citrated plasma likeAAUse 
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obtained a rectangular hyperbola cun'e which corresponded to the empirical 
equation ; t = ^ + u (i = clotting time and K, m and n = constants). 

The prothrombin curve, it will be recalled follows the equation I = — a {c = 

0 

concentration of prothrombin ; K and a = constants). On the assumption that 
the amount of active prothrombin is proportional to calcium ion concentration, 
the similarity of the two curves becomes apparent. Eansraeier and McLean did 
not control the thromboplastin, which conceivabl}" can vary in dog and human 
blood; nevertheless their finding that human plasma requires a higher concentra- 
tion of calcium ions (0.35 miSI per liter of plasma) than dog plasma (0.28 mM) 
is entirely in accord v,ith the present findings. 

TABLE 3 


The inhibition of coagulation (in the presence of excess thromboplastin) by sodium citrate 


PEHIOD OP 
li^CUBATION* 

SODimi CITEATE 0.1 if ADDED TO S CC. OP PtASilA 


0 

0.01 cc. 

0.02 cc. 



0.05 cc. 

0.06 cc. 



0.09 cc. 

Clotting time (seconds) 

10 sec. 

51 

6 1 

G ! 

61 1 

9 

10 

15 

22 

73 

120 

Rabbit 

11 min. 

* 

6 

6 1 

61 1 

81 

11 

16 

33 

80 

150 

plasma 

3 min. 


* 1 

1 

* 

7 1 

9 

11 

16 

30 

80 

160 


10 min. 


1 


* j 


* 

16 j 

32 

90 

160 


10 sec. 

11 ' 

i 

12 

i 

15 

36 i 

75 

210 

480 




Human 

1 min. 

101 1 

12 

15 i 

39 

100 

210 

T 





3 min. 


Hi- 

15 

30 

95 

220 






10 min. 


* ! 

15 

32 

80 

190 

i 






The clotting time was determined by mixing 0.1 cc. of the nitrated plasma with 0.1 cc. 
of saline solution and 0.1 cc. of thromboplastin emulsion. 

* Plasma clotted spontaneously. 

t Only a few shreds of fibrin but no solid clot formed. 

Discussion. The data presented support the concept that prothrombin is a 
complex composed of three factors: component A, component B and calcium. 
B 3 ' the removal of calcium the prothrombin Ls dissociated, but on the readdition 
of ionic calcium a resjmthesis of active prothrombin immediatel}’' occurs. A 
diminution of anj’" one of these three factors cau-ses a decrease of the prothrombin 
as measured bj^ the one-stage method. There is suggestive e\ddence that com- 
ponent A is somehow related to the oxidation and reduction system of the blood; 
whereas component B appeals to be the bodj* of the prothrombin complex, the 
factor which disappears in dicumarol poisoning and perhaps in vitamin K de- 
ficiency. Further work, hov.'ever, Ls required before definite statements con- 
cerning the.se factors can l>e made. 

Tlie new* concept is of theoretical importance, especially in emphasizing that 
biological agents maj' be complexes tliat are easih* dissociated and resjmthesized. 
It is to be remembered that complement which bears manj- resemblances to 
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prothrombin is composed of several well recognized components. The difficulty 
of isolating such a biological agent as a chemicallj’' pure substance is easily com- 
prehended. 

Several practical considerations arise from the ly^pothesis that prothrombin 
is a three-component complex. The first concerns the quantitative determina- 
tion of prothrombin. Little is knoMU concerning the quantitatii’-e relationsliip 
of component A to B, and therefore it seems hazardous to depend on results ob- 
tained bj’- high dilution of plasma since one must assume that prothrombin 
which is dissociated in decalcified plasma is on recalcification resjmthesized, i.e., 
components A, B and calcium are recombined. The use of plasma treated with 
aluminum hydroxide as a prothrombin-free medium may, as seen in the light of 
these new developments, lead in certain experiments to serious errors. The 
author in de'^^eloping the prothrombin curves fortuitousl3’’ usuallj^ emploj’-ed 
human alumina plasma which is relativel3’- low in component A. Fortunatel3', 
too, the alumina plasma was generall3’- used as a diluent; and at high dilution 
of component B, the effect of component A is slight. Nevertheless, aluminum 
h3'droxide-treated plasma can no longer be considered merel3’’ as being pro- 
thrombin-free — cognizance must be taken of its content of component A. 

Views on the use of stored plasma for transfusion must be modified. Here- 
tofore, such plasma was considered unsuitable for treating h3'’poprothrombinemia. 
Since stored plasma onl3" loses component A and as onl3’- component B is depleted 
in dicumarol poisoning, the emplo3Tnent of stored plasma should be equalty as 
effective as fresh plasma. This is of practical importance since patients re- 
cei^dng dicumarol ma3'' precipitoush” develop a hemorrhagic condition that 
demands an emergenc3'' transfusion. 

With the realization that prothrombin is composed of several factors, a clearer 
and fuller understanding of the h3'poprothrombinemias should be attained and a 
more concise classification should be possible. At present all the cases of clinical 
hypoprothrombinemia appear to be deficiencies of component B, Recent^’' the 
author discovered a constant prothrombinopenia in an otherwise entire^' normal 
3^oung adult. The prothrombin remains at 45 per cent of normal and is not 
influenced by the administration of \'itamin K. A decrease of component B 
was foimd to be responsible for the low prothrombin. 

Although depletion of component A has been observed onb’’ in ^’itro, it is 
entirely probable that clinical h3'poprothi’ombinemia due to lack of this factor 
ma3'' occur. Preliminaiy studies on chloroform poisoning in dogs have yielded 
results that indicate a temporary fall of both components. 

SU-MMARY 

1. Experimental findings are presented which indicate that prothrombin is 
composed of calcium and two separable components designated A and B. 

2. Component A disappears fromoxalated plasma when stored in a refrigerator 
— ^it is presumably destro3'ed b3' oxidation. It is heat labile and to a certain 
degree group specific. In unmodified plasma, it does not diminish and therefore 
it can be concluded that factor A when present in the intact prothrombin complex 
is stable. ' 
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3. Component B disappears in the plasma of animals poisoned with dicumarol. 
It is heat labile and is completely removed from oxalated plasma by aluminum 
hydroxide. This adsorbent does not remove the factor from unmodified plasma, 
thus indicating that when it is combined in the prothrombin complex, it is not 
adsorbed. 

4. Decalcifying agents inhibit the coagulation of the blood by depressing the 
calcium ion concentration of the system: 

Prothrombin” X Ca”*^ _ -- 
Prothrombin Ca 

More sodium citrate is needed to suppress the coagulation of rabbit than of 
human blood. This is in accord mth the finding that rabbit blood contains 
more prothrombin than is found in human blood. 

5. The importance of the concept that prothrombin is a complex of several 
components is discussed in relation to a, the quantitative determination of pro- 
thrombin; h, the, use of stored plasma for transfusion in the treatment of hypo- 
prothrombinemia from dicumarol poisoning, and c, the classification and more 
exact understanding of clinical hypoprothrombinemia. 
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One of the classical studies in the history of renal physiolog}’^ is that of Richards 
and Schmidt (1) who by direct obseiwation described the glomerular circulation 
of the frog and noted the effects of small amounts of epinephrine- upon it. More 
recentlj’- an indirect clearance method of following the renal blood flow in the 
intact animal has been introduced by Smith, Goldring and Chasis (2). The 
object of this present stud}' is to attempt to validate the indirect clearance 
methods of renal function examination b}’' comparing results obtained through 
their use with those noted directlj'" by microscopic examination of the functionmg 
kidne}^ especially with respect to the effects of .small amounts of epinephrine on 
the renal circulation. 

Richards and Schmidt exposed the kidneys of pithed frogs for microscopic 
examination by transmitted light and injected dilute solutions of epinephrine 
into the anterior abdominal vein. Follovdng the injections the glomerular tuft 
increased in diameter, became crowded with cells, and the blood flow through 
its capillaries was slower. The results were such that the}" might be explained 
either by accelerated inflow of blood due to cardiac stimulation or by constriction 
of the efferent arteriole. The former explanation was eliminated by maintaining 
a constant blood flow through the kidney during the epinephrine injections 
(Richards, Barnwell and Bradley, 3). In the latter experiments the kidney 
was perfused through the aorta at a constant rate vdth whole blood or oxygenated 
Hamburger’s solution after the gastrointestinal tract and spleen were excised, 
the renal' circulation isolated, and the kidney exposed for direct microscopic 
examination. Addition of small amounts of epinephrine to the perfusate re- 
sulted in an increase in the size of the glomerular tuft and an increase in per- 
fusion pressure w'hich indicated efferent constriction. This conclusion was 
further substantiated by Ha}Tnan (4) who directly measured pressure within the 
glomerular capillaries of the living frog and found it to rise after ei^inephrine was 
introduced into the circulation in dosages similar to those which Richards and 
Schmidt found to cause an increase in the size of the glomerular tuft and de- 
creased glomerular flow. Hence, by direct observation it was determined that 
small amounts of epinephrine caused constriction of the efferent arterioles Avith 
subsequent increase in intracapsular pressure and decrease in renal blood flow. 

YTien the dose of epinephrine was increased Richai’ds and Sclimidt observed 

1 Supported in part by a grant from the Penrose Fund of the American Philosophical 
Society. 

- Although epinephrine has been variously referred to as adrenalin and adrenin in the 
literature of renal physiology the former is used exclusively throughout this discussion, 
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that blood flow in the glomemlus as well as in its arteriole stopped, apparently 
due to constriction of the afferent arteriole. It was noted, however, that while 
stoppage may occur in one glomerulus, in another glomeinilus close to it the 
blood may keep on flowing vith unaltered rapidity. 

Methobs. In these experiments large well nouilshed bullfrogs ranging in 
weight from 400 to 750 grams were used. Because of the difficulties involved 
in getting accurate urine collections from the bladder or cloaca the ureters were 
exteriorized and cannulated with several inches of fine silk catheter a daj* or 
more before the experiment. In some instances when a measurement of only 
arterial renal blood flow was desired the renal portal blood supply was tied off 
at the same time. Cautery was used and this operation was done with practi- 
call 3 ' no loss of blood. 

The standard clearance procedures outlined by Smith (5, 6) were used. The 
diodrast clearance at low plasma concentrations Avas used to measure the minimal 
renal plasma flow (vSmith, Goldring and Chasis, 2). The creatinine clearance 
Avas used to measure the rate of glomerular filtration (Forster, 7). In a feAA' in- 
stances intermittence of glomerular activity under massiA'^e doses of epinephiine 
AA^as studied and the methods discussed in a preATOus paper were employed 
(Forster, 8). 

In an animal AA'hich Aveighed 480 grams (Gs) the following procedure was used 
in the conduct of an experiment. A priming dose of 15 mgm. of diodrast and 
200 mgm. of creatinine in 15 ml. saline solution Avas injected into the dorsal 
b'mph sac and the bullfrog AA-as placed in a batteiy jar half full of water. One 
hour later the frog AA-as tied supine upon a holding board and prepared for in- 
fusion. The saline infusion fluid contained 15 mgm. per cent diodrast and 200 
mgm. per cent creatinine and AA'as introduced at a steadv' rate into the dorsal 
lATnph sac bj' means of the dropping mercuiy technique. Fluid thus introduced 
into the Ijnnph sac A-erj' quicklj’’ entered the blood stream due largerly to the 
pumping action of a pair of Ijunph hearts at the posterior end of the lymph sac 
on either side of the urostyle. After considerable preliminary trial and error it 
AA'as found that the plasma diodrast and creatinine concentrations could be kept 
quite constant bj'^ controlling the rate of infusion and the concentration of these 
substances in the perfusate. After tAA'o hours of infusion the first blood sample 
(3.5 ml.) AA-as taken from the A'entricle and the first of a series of 3 fifteen minute 
urine collections from the cannulated ureters AA'as started. At the end of the 
third control period 0.01 mgm. epinephrine in 1 ml. saline solution AA-as injected 
into the dorsal Ij-mph sac and then 8 more 15 minute urine collections were made 
until the experiment AA'as terminated. A blood sample Avas taken at the middle 
of the experiment and another at the end of the last urine collection. 

Coagulation of blood AA'as preA-ented b 3 ' the use of drA- heparin in the syringe 
and blood AA'as centrifuged immediateh- upon being AA'ithdraAA-n. Blood proteins 
Avere precipitated b3' the cadmium method of Fujita and lAA-ataka (9). Diodrast 
concentrations in plasma and urine AA'ere deteimined by Smith’s modification 
of Alpert’s method (10), and creatinine b 3 - the method of Folin and Wu (11)- 

Results. The effects of A'arA-ing amounts of ejjinephrine on renal hcmo- 
d3'namies in 18 different bullfrogs AA'ere studied, each ex-periment involving an 
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average of 12 urine collection periods. The effect of a small dose is illustrated 
in figure 1. Tlie injection of 0.01 mgni. of epinephrine after three fairlj’- constant 
control periods resulted in a marked fall in the renal plasma flow (max- 
imal diodrast clearance) and a corresponding rise in the filtration fraction 

Arith the result that the rate of glomemlar filtration (cre- 
atinine clearance) remained constant. The response to epinephrine administra- 
tion was ver}’^ rapid and recovery Avas obtained after 90 minutes. 

The effect of a masshm dose of epinephrine (0.1 mgm. or more) is characterized 
by an initial drop in the rate of glomemlar filtration, the renal plasma Aoaa^ and 
the filtration fraction. Within 15 to 30 minutes, hOAveA^er, the filtration fraction 
A’ery rapidl}' increases and the filtration rate conies back to normal. The renal 
plasma fioAV remains Ioav and does not increase until the epinephiine effect wears 
off and the filtration fraction drops. Tubular glucose reabsorption studies indi- 
cate that glomemli close doAA'n in proportion to the initial drop in filtration rate. 

The results indicate that epinephrine at nonnal levels exerts its effect on frog 
renal hemodynamics simply b}’’ causing constriction of the efferent glomemlar 
arterioles. Onlj'- at high and probabty abnoraial leA’els does it affect the afferent 
-arterioles causing constriction and stoppage of some glomemlar acthut}’’. 

Discussion. These results obtained bj^ the indirect methods of clearance 
analysis stand in complete agreement with those obtained in Richards’ laboratoiy 
b}’’ direct obseivation of the functioning frog kidney. This, AA-e think, constitutes 
a distinct link in the chain of eAudence indicating that clearances provide reliable 
estimates of the various aspects of renal activity. 

It is interesting to note that small amounts of epinephrine have exactly the 
same effect on both the amphibian and mammalian kidney. Chasis, Ranges, 
Goldring and Smith (12) have demonstrated in man that the renal blood floAV 
appears to be controlled predominantly by the efferent glomerular arterioles. 
This has the effect of maintaining a filtration rate independent of the renal blood 
floAA' because A’^ariations in blood flow are accompanied by a corresponding inAmrse 
change in filtration pressure and filtration fraction AA'hich tends to maintain a 
constant filtration rate. Despite the fact that the frog maintains a constant 
filtration rate under the influence of small amounts of epinephrine, it must be 
remembered that afferent control is an important factor in maintaining AA-ater 
balance in these animals. Unlike mammals, A'ariations in urine Aoaa'^ in the frog 
and other primith'e A’ertebrates are accomplished by A’^ariations in the rate of 
glomemlar filtration and in the number of functioning glomeruli. These altera- 
tions in glomemlar actmty are controlled largely' by the afferent arterioles 
(Richards and Schmidt; 1, Forster, 7, 8; Friedlich, Holman and Forster, 13). 
Amphibians in and out of Avater are exposed Amriably to conditions requiring A’^ery 
rapid AA'ater elimination or extreme AA'ater conseivation. Here the glomemlus 
assumes its primitme function and is the piimary factor in regulation of AA’ater 
balance in contrast to the state in mammals where A’^ariations in urine floAA^ are 
dependent entirely upon tubular reabsorptme actmty. 

The filtration fraction of the animal represented in figure 1 is quite Ioaa’ com- 
pared to that obseived in mammals largely because this animal had its renal 


creatinine clearance 
diodrast clearance 
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portal blood supph' intact during the experiment; hence, its maximal diodrast 
clearance represents not onl}* the arterial blood which was deliv^ered through the 
glomerulus but that venous fraction which supplied the tubules directly. The 
filtration fraction was considerably higher when the renal portal supply was 
removed before the experiment. Under the latter conditions 12 to 15 per cent 
of the blood delivered to the kidney is filtered in comparison Avithonly G per cent 
when the portal supplj-- is intact. The diodrast clearance at low plasma level 
(1 to 3 mgm. per cent) with the portal supply intact is about 700 ml. per kgm. 
per hr. and about 350 with the independent venous circulation removed. Appar- 



MltJUTES 

Fig. 1. A graphic illustration of the effect of 0.01 rngin. epinephrine on renal hemody- 
namics in a bullfrog (Gj) weighing 480 grams. The epinephrine was administered after 3 
fifteen minute control periods and resulted in a marked drop in the renal plasma flow and a 
corresponding rise in the glomerular filtration fraction. The inverse relationship between 
plasma flow and filtration fraction indicates constriction of the efferent glomerular 
arterioles and results in maintaining a constant rate of glomerular filtration. This animal 
had its independent renal portal circulation intact which accounts for the relativelj’ low 
filtration fraction. The renal plasma flow was calculated as the maximal diodrast clear- 
ance, and the filtration rate as the creatinine clearance. Renal plasma flow and filtration 
rate are expressed as milliliters per kilogram per hour and are both plotted on the same 
logarithmic scale. 

ently^ about half the blood coming to the bullfrog kidne}" i.s arterial and half 
venou.s. Diodrast is excreted considerably more efficiently than phenol red b}' 
the frog. The maximal phenol red clearance obtained with the portal .supply 
intact was 185 ml. per kgm. per hr. at a plasma concentration of 0.5 mgm. per 
cent (Forster, 14). 

SUJIMARY 

The effects of epinephrine on frog renal hemodynamics as studied by the 
indirect clearance methods are precisely the same as those noted by direct ob- 
servation of the functioning kidney. This is interpreted as constituting further 
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evidence for the relability of clearance methods in evaluating the various aspects 
of renal activity. 

The administration of small amounts of epinephrine into the circulation re- 
sults in decreasing the renal blood flow, increasing the filtration fraction and, 
hence, maintaining a constant rate of glomei-ular filtration. This effect is ob- 
tained by causing constriction of the efferent glomemlar arteriole. 

Constriction of the afferent arteriole accompanied b3' decreased renal blood 
flow, filtration fraction, filtration rate and number of functioning glomeruli 
results from the administration of massive doses of epinephrine. 

In the normal frog, unlike mammals, afferent control of the glomerular cu- 
culation pla3’s an important role in the regulation of glomemlar activity. Varia- 
tions in the rate of 3 vater elimination result primarib’’ from alterations in rate of 
glomemlar filtration and onl3’- secondarib"^ from variations in the rate of tubular 
water reabsorption. 

Acknowledgvients. I wish to thank A. W. Humphries for technical assistance 
in the conduct of man3’' phases of these experiments, and express appreciation 
to G. H. Stolleiman and L. S. Kreilsheimer Avho turned over to me the results of 
a long series of experiments on the effect of massive epinephrine doses on glomer- 
ular filtration, glomemlar intermitteney and urine flow in the frog. 
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Certain findings in the literature appear to indicate that large doses of vitamins 
A and D have a striking effect on blood pressure. It was felt that this needed 
reinvestigation. 

Vitamin A. The use of vitamin A as an anti-hj^pertensive agent was first 
suggested by Govea-Pena and ^'’illaverde (1) who claimed a favorable response of 
hypertensive patients to large doses of vitamin A. This action was apparently 
confirmed on dogs vdth experimental renal hypertension by Wakerlin et al. (2) 
who reported striking reductions in blood pressure in .3 hjT^rtensive dogs begin- 
ning 2 weeks after daily oral administration of 200,000 units of vitamin A in 1 
cc. of sesame oil. This reduction persisted for 6 months; the dosage in the last 
3 months having been doubled. Sesame oil itself had no such effect on 2 dogs. 

We repeated the study using 10 hypertensive and 1 normotensive dog. The 
hypertenshm group included b rendered h 3 ’'pertenshm bj’’ partial occlusion of 
one or both renal arteries, 3 in which hjTDertension followed temporary com- 
plete occlusion of both renal arteries for about an hour, and 2 in which the hjTsr* 
tension was spontaneous (cf 3). lij'^pertension in the dogs in the two 1st groups 
was of 100 to 850 da 3 %s’ duration. A control period of from 33 to 77 days was 
establi.shed in all dogs before instituting vitamin A therapj'. Vitamin A dis- 
solved in fish oil^ was fed in doses of 400,000 units dail}’’ for periods of 45 days. 
In two of the dogs rendered hypertensive by partial renal artery' constriction, a 
second course of therapy was instituted 56 days after the first. Vitamin A was 
given for 55 days in the same dosage as before, but dissolved in sesame oil in- 
stead of fish oil.“ Blood pressures -were recorded with the Hamilton needle ma- 
nometer as previously described (3). Adequate absorption was tested by 
determination of the plasma level three weeks after the beginning of treatment 
according to the method of Carr and Price. A 200-fold increase in the plasma 
level of vitamin A was found at this time. 

There was in no instance a significant change in blood pressure during the first 
3 weeks of vitamin A administration. During the last 3 or 4 weeks no significant 
change was obsenmd in 8 of the 10 dogs used. A drop in diastolic pressure 

* Aided by the A. D, Xast Fund for Cardiovascular Research and a grant from the 
Abbott Laboratories. 

The department is supported in part by a grant from the Miciiae! Reese Research 
Foundation. 

* This material, kindly supplied by .Abbott Laboratorie.s, contained 100,000 units per 
cubic centimeter of fish oil. 

^ This material v,’as supplied to us by the kindness of Dr. G. y^ake^lin. It came from 
the same supply that he had used for his first study. 
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occurred in the remaining two. One of these (X-06), a dog ndth Goldblatt 
hj’pertension, which received two courses of treatment, showed drops during this 
time averaging 26 nun. Hg and 16 mm. Hg below the average diastolic pressure in 
the control period. These reductions persisted for 25 and 26 days after vitamin 
A administration was stopped. The second dog, a spontaneously hypertensive 
animal, showed a drop in diastolic pressure averaging 13 mm. Hg during the 
second half of the therapeutic period. No toxic s5’'mptoms were obsen''ed in any 
of the dogs during or after vitamin A administration. 

Our results, therefore, fail to confirm the observation previously reported that 
vitamin A consistent!}’- loweis the blood pressure of h3^pertensive dogs, but do 
show that such a response, mild in degree, may be individually encountered. 
This is in accord with the more recent results of Wakerlin et al. (4) who found no 
drop in blood pressure in a second group of hypertensive dogs treated with vita- 
min A. 

l\Tiether this occasional depressor action is due to vitamin A itself or to some 
other material contaiued in the concentrate, as suggested by the observations of 
Grollman and Harrison (5), cannot be stated. 

An unexpected result obtained ia our experiments was the occurrence of a 
significant rise of the blood pressure after vitamin A medication had been stopped 
in 7 of the 8 dogs not showing a depressor response during vitamin A treatment. 
These rises, averaging for the diastoUc pressure 13, 16, 17, 21, 23 and 25 mm. Hg 
above the pre-treatment level in the hypertensive dogs, and 17 mm. Hg in the 
noimotensive dog, began from 14 to 20 days after treatment and pereisted for 
from 27 to 80 days. No rise occurred in the dog whose blood pressure was re- 
duced both times with vitamin A therapy. This post-therapy hypertensive ef- 
fect would of course be exactly contrary to the expected vaso-depressor effect for 
which vitamin A therapy was contemplated, and is a contra-indication for the 
use of vitamin A therapeutically. 

It might be argued that in most dogs homeostatic mechanisms powerful enough 
to counteract the vasodepressor effect are brought about by the ingested mater- 
ial, and that these mechanisms persist unbalanced after therapy is ended. 
l^Tiether or not this view is valid, does not alter the fact that the vitamin A con- 
centrates used do not lower blood pressure in experimental hypertension except 
on occasion and then only to a slight degree. This latter possibility is offset by 
the post-treatment vasopressor reaction which occurs when vasodepression 
fails to occur during the therapy. 

Yiiamin D^. Appelrot (6) first reported that feeding dogs for periods of 15 
to 25 days with large quantities of vitamin D (vigantol,70 to 90micrograms/kilo 
body weight/day) produced a hypertension in normotensive dogs. This result 
was confirmed by Handovsk}’’ (7) and GoOrmaghtigh and Handovsky (8), using 
oral vitamin D 2 in dogs. Hypertension was reported to begin in a few days when 
doses of about 100 to 700 micrograms per kilo of body Aveight per day were used. 
HoweArer, Avhen subacute lethal doses AA^ere used (13 to 20 mgm. per kilo body 
AA'eight per day), hypotension resulted. Reed et al. (9) recently repeated these 
studies and AA’ere unable to obtain any elevation of blood pressure in rats folloAving 
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oral administration of vitamin D 2 in doses sufficiently large to induce severe 
reactions such as loss of weight. The 3 ’' state further that they have not been able 
to produce hypertension in dogs or man m'th various fonns of vitamin D. 

In this study we used 10 dogs, 5 dogs with e.xperimental renal hypertension, 
3 dogs with spontaneous hj^pertension and 2 normotensive dogs. In the spon- 
taneously hypertensive dogs, vitamin dissolved in propjdene glycol was ad- 
ministered for 31 days .subcutaneously in doses of 40,000 units U.S.P. per day, 
in the other dogs vitamin Do-’ by mouth, 1 mgm. per day , was used (400,000 units 
U.S.P. per day). 

In all but three dogs no significant blood pressure change was observed during 
or after vitamin D administration. In the three exceptions, significant blood 
pressure elevation Avas encountered. In the noraiotensive dog (¥-39) in Avhich 
the carotid sinus had preAuousl}' been denerA’ated, a rise of blood pressure averag- 
ing 24 and IG ram. Hg respectiA'’ely for systolic and diastolic pressure was noted 
for the first fifteen days of Autamin D administration, Avhich brought the diastolic 
pressure up to the loAver limits of hj^pertension. This rise disappeared during 
the later period of vitamin D medication. 

In one of the spontaneously hypertensh'e dogs (Y-2.31) the rise in pressure AA'as 
most marked in the first fifteen daj^s follonung termination of vitamin D adminis- 
tration. At this time the sj'stolic/diastolic pressures had risen on the aAmrage 
19/18 mm. Hg above the aA^erage control level. 

The greatest and most persistent rise occurred in one of the renal hjiDertensive 
dogs (¥-84). It amounted on the average to 26/27 mm. Hg during the period of 
vitamin H administration and Avas even higher than this during the 15 daj's after 
Autamin D administration, amoxmting to 27/35 mm. Hg aboA’^e the aA’^erage con- 
trol leAml. 

It Avould appear, therefore, that Autamin D does not usuall}'' have a pressor 
effect in dogs. On occasion, hoAvever, it maj' produce a moderate blood pressure 
rise, CA^en in animals already spontaneously hATiertensive, or rendered so by par- 
tial renal arteiy occlusion. Such indmdual variation as occurs AAuth Autamin 
D Ave haA'e found to be the case AAith another steroid, desoxycorticosterone acetate 
(10), except that the pressor effect Avith the latter is more pronounced and occurs 
more consistenth' . The A’-ariability in response AA’hich we obtained AAuth Autamin 
Do may account for the apparently contradictor}’' reports in the literature. It 
Avould, however, be erroneous to leave the impression that Autamin D 2 is a con- 
sistent and poAverful Amsopressor substance. Our results suggest rather that it 
has this tendency, but only to a slight degree. 

SmiJIARY 

1. We cannot confirm the observations that: 

a. Vitamin A in large quantities loAvers the blood pressure of hypertensive dogs. 

b. Vitamin D 2 in large quantities raises the blood pressure in normotensive 
dogs. 

* .Supplied through the courtesy of AA'inthrop and Companj*. 
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2. However, we have found that on occasion a dog will show; 

a. A slight lowering of an elevated blood pressure with vitamin A concentrate 
in fish oil or sesame oil, and 
h. A moderate rise in blood iDressure with vitamin Da. 

3. Attention is drawn to the frequent occurrence of a moderate rise in blood 
pressure of fairly long duration which occurs after a latent period following ces- 
sation of vitamin A concentrate therapy. 
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The transfer of hormones in parabiotic rats had been reported b 3 ’' Martins 
(1), who found that the estrogen produced by the stimulated ovaries of a normal 
rat in parabiotic union (Coelioanastomosis) with an ovariectomized female was 
transfened to the latter. Hill (2, 3) confirmed this, using pairs in which the 
bod 3 ’' cavities were not connected. He also presented evidence which indicated 
that there was a transfer of the corpus luteum hormone from a pregnant rat to 
its non-pregnant partner. Kallas (4, 5) obsen^ed a precocious development of 
the ovaries in normal immature female rats in parabiosis mth castrates, which 
he attributed to the passage of gonadotropic hormone from the castrated to the 
normal animal. Biddulph, Meyer and Gumbreck (6) found that relatively large 
quantities of estradiol or dieth 3 dstiIbestrol must be injected into one partner 
of castrated female-female parabiotic rats before detectable amounts cross to the 
uninjected parabiont. In view of these experimental data it became of interest 
to determine the amount of androgen necessar 3 ^ to inject into one partner of 
castrated male-male parabiotic rats to obtain evidence of transfer of the hormone 
to the other. 

- Materials axd :^iethods. This stud 3 ’' includes obseir’^ations made on 55 
castrated male-male parabiotic rats, 27 single castrated male rats treated with 
var 3 dng amounts of testosterone propionate,- 7 untreated single castrated male 
rats, and 8 single normal male rats. 

The operative procedure used in uniting the animals was that described by 
Bunster and Me 3 ’^er (7), except that metal clips were used instead of silk sutures 
in closing the skin incisions. Ether anesthesia was used, and all operations were 
performed under sterile conditions. 

Littermate rats weighing 70 grams or more were united in parabiosis at 31 
to 33 days of age, at which time both partners Avere castrated. The right part- 
ners Avere injected subcutaneousb'’ Avuth Amr 3 fing amounts of testosterone pro- 
pionate within a feAv hours after the operation. The daib’’ dose of testosterone 
propionate was in 0.05 cc. of com oil. The injections Avere made once daity for 
10 da3'S, and the rats AA’ere autopsied on the eleAmnth day foUoAving parabiotic 
union. The seminal A'esicles and prostates of both pai'tners Avere dissected free 
of other tissues and AA'ere Aveighed to the nearest milligram. 

The single animals used for assaying the testosterone propionate Avere castrated 
rats of the same age and bod 3 ^ Aveight as those in parabiosis. They AA^ere cas- 
trated at the same age, and Avere injected for the same period of time as Avere the 

^ This A\-ork was supported by a grant from the It isconsin .-tUimni Research Foundation. 

- 3Ve wish to tliank Dr. Envin SclnA’cnk of the Schcring Corporation for the testosterone 
propionate. 
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parabiotic rats. The dailj* amount of hormone was in 0.05 cc. of corn oil and 
the injections were made subcutaneously. 

The following groups of rats were used as controls: 1, single normals; 2, single 
castrates, and 3, uninjected castrates in parabiosis. These rats were of the same 
age and body weight as the experimental animals, and were autopsied at 41 to 43 
daA's of age. 

Results and discussion. Table 1 shows the weights of the accessory glands 
of the castrated parabiotic rats following the injections of testosterone propionate 
into the right partner. The data are unselected and include all the animals that 
were placed on the experiment. 

It is seen that there was no stimulation of either seminal vesicles or prostates 
in the left partner when 15, 25 or 150 gamma of testosterone propionate were in- 
jected into the right partner. The accessorj’’ organs of the injected partners in 


T.tVBLE 1 

Weight of seminal vesicles and prostates of castrated parabiotic rats, one partner given 

testosterone propionate 


N*0. OF 
PAIRS 

DAILY 
DOSE ( 7 ) 

LEFT-HAND PARTNER 

RIGHT-HAND PARTNER* 

Seminal vesicle 
weight ± S.E. 


Seminal vesicle 
weight ± S.E. 

Prostate weight ± S.E. 



fKgm. 

mgm^ 

tngm. 

vtgm» 

7 


9.1 d= 0.61 

33.5 ± 2.00 

9 . 5 ± 1.00 

32.5 ± 4.40 

5 

15 

7.5 ± 0.90 

21.4 ± 1.64 

42.3 ± 5.83 

106.5 ± 10.84 

6 

25 

7. 1 ± 0.65 

27.1 ± 2.00 

75.9 ± 6.68 

157.4 ± 10.81 

6 

150 

9.3 ±0.42 

30.0 ± 2.91 

239.3 ± 26.90 

357.6 ± 13.96 

6 

300 

12.6 ± 0.78 

55.2 ± 3.42 

304.9 ± 14.30 

404.5 ± 22.60 

6 

400 

13.6 ± 1.76 

45.0 ± 4.45 

379.6 ± 21.79 

491.3 ± 21.55 

6 

500 

10.1 ±0.92 

37.1 ± 3.63 

308.8 ± 37.30 

398.3 ± 28.00 

7 

750 

14.6 ± 2.00 

48.2 ± 6.40 

382.6 ± 44.30 

425.3 ± 33.10 

7 

1,000 

20.7 ± 4.20 

,73.1 ± 9.24 

354.1 ± 23.18 

442.5 ±19.15 


* Injections were made into the riglit-hand partner. 


all three groups were heavier than those of normal animals of the same age. 
(See table 2.) 

Stimulation of the male accessory organs of the untreated partner was obtained 
in the parabiotic rats in which the injected partner received 300 gamma or more 
of testosterone propionate. The mean weight of the seminal vesicles and pros- 
tates of the untreated partners of those pans receiving 300 gamma was approxi- 
mately the same as that of single animals receiving 6 gannna of testosterone 
propionate. (See table 2.) This indicates that the equivalent of appro.ximately 
6 gamma of testosterone propionate per day crossed from the injected to the 
uninjected partner under these circumstances. Biddulph, Meyer and Gum- 
breck (G) using castrated female-female parabiotic rats found that 1 gamma of 
estradiol or diethylstilbesterol had to be injected into one parabiont before the 
equivalent of 0.0125 gamma of estradiol or 0.025 gamma of diethylstilbestrol 
crossed to the uninjected rat. Their data show that a dose equivalent to 80 
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times the minimum stimulating dose of estradiol or 40 times the minimum stimu- 
lating dose of diethylstilbestrol were required to give evidence of transfer in 
female-female parabiotic rats. From the data presented in tables 1 and 2 it can 
be seen that 50 times the minimum stimulating dose of androgen for single 
castrated male rats was required before there was evidence of transfer from one 
partner to the other. 

We are unable to explain adequate^ why such large quantities of gonadal 
hormones must be injected into one parabiont before detectable amounts can be 
demonstrated in the uninjeeted partner. Since Kallas (4) and others have shown 
that castration of a parabiont causes great increase in the size of the gonads of the 
imoperated partner, it is logical to believe that gonadotropic hormones are more 
readily transferred across the anastomosed tissue. It is to be emphasized, how- 
ever, that the source of the hormones is the pituitary gland, that they are water 
soluble and are secreted directly into the blood stream. 

TABLE 2 


Weight of seminal vesicles and prostates of castrated male rats given testosterone propionate* 


KtmEXP- or AKIMALS 

1 

DAILY DOSE (y) 

iTEAX SZISXSAL VSSICtE 
WEIGHT = S.E. 

} 

i 1£EAN PKOSTATE WEIGHT i SJE. 




mgm. 

7 


10.4 ±1.50 

32.6 ±2.56 

5 

2 

10.7 ±0.49 

33.8 ±2.49 

5 

4 

10.3 ± 1.06 

43.1 ±2.43 

5 

6 i 

12.4 ± 1.12 

56. 4± 4.71 

6 

8 

24.7±3.10 

71.6 ±4.58 

6 

10 

24.4=hl.91 

' 1 

81. 8± 4.33 


* The mean seminal vesicle and prostate weights of S single normal rats were 20.1 ±2.57 
and 89.6 ± 9.78 mgm. respectively. 


The accessory organs of the injected partners show’ed an increase in weight 
with each increase in dosage of the testosterone propionate to and including 400 
gamma, beyond which an increase in the quantity given did not produce any 
consistent increase in weight. The prostates and seminal vesicles of the unin- 
jected partners of those pairs receiving 15, 25 and 150 g amm a per day did not 
show any increase in weight over control pairs; those of pairs given 300, 400, 500 
and 750 gamma per day were slightly heavier and the heaidest w-ere obtained 
in those pairs in which 1000 gamma per day was given. The rveights of the 
seminal vesicles and prostates of the uninjected rats of this latter group were 
approximately the same as those found in single castrate animals injected "with 
8 gamma of testosterone propionate per daj’’, or the same as those in normal rats 
of the same age and weight. This indicates that the equivalent of approxi- 
mately 8 gamma per day crossed from the injected to the uninjected partner. 
Hertz and Meyer (8) found that it w^as necessarj* to inject 15 gamma of testos- 
terone propionate per day into the castrate male partner of male-female para- 
biotic rats to prevent ovarian hjqDertroply of the normal female. As the data 
in table 1 .show, at least 20 times this quantity of the androgen must be injected 
into one parabiont before there is any evidence of transfer to the other- 
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SUMMARY, 

One partner of castrated male-male parabiotic rats was injected i\dth daily- 
doses of testosterone propionate varying between 15 and 1000 gamma. Evidence 
of transfer of the androgen from the injected to the uninjected parabiont was 
found when the daily dose was 300 gamma or more. At this dose level approxi- 
mately the equivalent of 8 gamma of testosterone propionate crossed to the unin- 
jected parabiont. Seminal vesicles and prostate glands equal in weight to those 
of single normal rats were obtained in uninjected parabionts when 1000 ga mm a 
of testosterone propionate were injected into the other partner. 
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Since many procedures in physiology and experimental surgery require 
the use of anesthesia, it is important to recognize the deviations from the normal 
which the anesthetic ma}’ produce. Pentobarbital sodium is widely used for 
experimental anesthesia but, as Mylon, Wintemitz and de Siito-Nagy (1943) 
point out, certain side effects of the anesthesia may mimic some phases of 
experimental shock. Tliey note among these untoward effects suppression of 
renal function and lowering of blood pressure, and consider that, ‘^vhile there 
are undoubtedly individual variations in the response to nembutal,” i.e., sodium 
pentobarbital, “on the part of animals, the major factors are the size of the 
dose and the method of its administration.” It was their experience that the 
use of a 25 mgm. per kilo intravenous dose of the drug wns more satisfactorj" 
than a dose of 30 mgm. per kilo because it wms less toxic. It seems likely that 
intraperitoneal administration would be still less depressing than intravenous 
use; the peak of its concentration in the blood would be reached more slowly 
than with intravenous dosage, while the direct entry of some of the drug into 
the portal blood w'ould result in its early destruction in the liver. This is the 
reasoning behind the practice in this laboratorj^ of anesthetizing dogs by intra- 
peritoneal injection of a 2.5 per cent aqueous solution of pentobarbital sodium 
(Lilly) in a do.sage of 30 mgm. per kilo body weight. That the anesthesia thus 
induced is not commonly associated with evidence of toxic depression is 
shown by the observ'ations of renal function and arteiial pressure which form 
the basis of this report. 

Methods. The obseiwations of renal function include the measurement of 
plasma diodrast and inulin clearances, of maximum tubular capacity for diodrast 
secretion (Twd) and rate of urine flow and were made bj’’ methods described 
in detail in previous studies (Corcoran and Page, 1943; Corcoran, Ta 3 ior and 
Page, 1943). The effects of anesthesia are shown bv’ contrasting obsen’'ations 
made during anesthesia with those obtained in the same dogs w'hen conscious 
and when training had accustomed them to the necessaiy procedures. Die 
record of arterial pressure was obtained from a damped mercurj’’ manometer 
bv' femoral arterial puncture with a 20 gauge needle when conscious, and bj’ 
exposure and cannulation of the femoral arterv' when anesthetized. During 
anesthesia, the observations begin at about 45 minutes after injection of the 
anesthetic and continue for from 30 to 50 minutes. 

The effect of anesthesia on blood pressure was examined statLsticalb' by 
comparison of 1.50 observations of femoral arterial pressure in 145 normal dogs 

234 
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under anesthesia i^ith values derived from 5S5 observations of femoral arterial 
pressure in 27 norraotensive dogs. To make the data comparable, it is necessary 
to exclude from the observations of blood pressure in the conscious state those 
temporary nervous influences which disturb it and which would not operate 
under anesthesia. The dogs on ndiicli the obseiwations ivere made were for 
this reason carefully trained to the procedure and in each of these the average 
of the recorded pressures was calculated. This average was taken as the resting 
arterial pressure of that animal and the mean and standard deviations obtained 
from these 27 values were used for comparison nith the levels observed in other 
dogs under anesthesia. It should be noted that the dogs in which the observa- 
tions were made in the conscious state were not entirel}^ normal, since unilateral 
nephrectomy and contralateral subcutaneous explantation of the kidney (Page 
and Corcoran, 1940) had been done before the observations were made. That 
these operations do not significantly influence arterial pressure is shonm by the 
mean pressure of these dogs, idz., 129 mm. by mercmy manometer, a value 
nearlj’- equal to that of 127 mm. Hg dicrotic femoral arterial pressure optically 
recorded in a group of normal dogs bj’- Hamilton, Fund, Slaughter, Simpson, 
Colson, Coleman and Bateman (1939). The group is therefore normal as 
regards arterial pressure. Indeed, any effect of tlie operations on arterial 
pressure would probably have been an increase due to altered renal hemody- 
namics and initiation of mild renal hjqjertension. In such a case, the difference 
between normal dogs and those under anesthesia would be still greater than 
that we describe. The use of data from uninephrectomized dogs wth unilateral 
renal explants is therefore justifiable for the purpose of the comparison. 

The obsen^ations of arterial pressure are summarized in table 3 by methods 
suggested by Bradford-Hill (1937). Standard deviation (o-) of group I, the 
normotensive dogs, was calculated from the average arterial pressures of these 

27 dogs as i/J X — £ , where 2 is the sum of the squares of differences 

from the mean and N the number of obseiwations. In group II was calculated 

The standard deviation of the mean was taken as cr/iV. The standard 


i/i- 


/ 2 2 

error of difference between the means was taken as /» / f£ q- fii where the sub- 

K nj nil 


script numerals refer to the respective groups of dogs. 

Results. I. Effects on Renal Function, a. Maintenance of function. That 
renal function is not impaired by the anesthesia was suggested by values of 
diodrast and inulin clearance which in 34 of 37 experiments were ivithin the 
ranges we consider normal for unanesthetized dogs. Proof of this maintenance 
of function is shown in table 1, in which are summarized observations in 4 dogs 
in wliich observations were available during the conscious state. The only 
de^dations observed during anesthesia from values obtained while conscious are 
(1) in 4 of 8 instances lower rates of urine flow, and (2) in all 8 observations, an 
increase of arterial pressure. 

b. Occasional failure of renal function. Evidence of temporary failure of 



TABLE 1 

Effect of anesthesia on renal function 

Absence of effect on pentobarbital anesthesia on renal function. Each observation of 
, clearance or Tmo recorded is the mean of three periods of urine collection each of about 
10 minutes’ duration. 


DOG KO. 

j 

DATE 

A^'ESTHE- : 
TIZED OR 1 

CLEARAJ;CE 

riLTEA- 

TION 

VRIKZ 

HOM.TO- 

yVRTERIAL 

! 

1 

Tm 


COKSaODS 

Diodrast 

Liulin 

TRAcnos 

VOL. 

CRT! 

PRESSURE 





cc, per 
min. 

V 


cc. per 
min. 

per cent 

Km. Hg 

Kim. D-l 
per min. 

1 

8-14 

Anns. 

172 

70 

0.41 

0.5 

44 

182 



8-17 

Consc. 

165 

69 1 

0.42 

0,5 

39 

144 

14.4 


I 12-21 

Anes. 

170 

53 

0.31 ! 

0.5 

50 

198 



12-30 

Anes. 

165 

54 

0.33 

0.2 

40 ; 



2 

8-21 


■a 

46.4 

HI 

0.3 

38 

H 

9.6 


i 8-24 


mm 

43.6 


0,5 

41 


9.9 


8-27 


107 

35.5 

I 0.33 

0.6 

36 


9.7 


9-15 

Anes. 

103 

' 35.6 

i 0..33 

i 0.1 

36 

i 155 



10-6 

Consc. 

119 

39 

0.33 

0.3 

39 

i 101 


3 

! j 

1 6-30 


286 

78 

0.27 

1 0.4 

42 

128 

16.5 




238 

1 76 

0.32 

0.6 

44 

129 

16.9 




248 

81 

0.32 

0.2 

56 

158 

17.2 

4 

6-18 

1 

Consc. 

2.59 

75 

0.29 

0.5 

48 

128 

16.4 


7-1 

Consc. 1 

173 

61 

0.35 

0.8 

50 

142 

17.5 


5-31 

Anes. ! 

189 

67 

0.36 

0.3 

43 

150 

16.9 

] 

6-7 

Anes. 1 

221 

62 

0.28 

0,5 

41 

152 

18.9 


TABLE 2 

Depression of renal function during anesthesia 
Observations in 2 dogs showing failure of renal function under pentobarbital anesthesia; 
in one case (a) observations under anesthesia are averaged from 3 periods of urine collection 
and compared with similar averages from the conscious state; in the other (b) progressive 
failure of function is shown in succeeding 10 minute periods. 


(a) Dog 5 


1 

DATE 1 

1 

AN'ESTHETUEO 

OR CON'SaOUS 

■ CLEARAN'CE 

riLTRATIOK 

PRACTION' 

URIKE 

VOLUME 

HEMATOCRIl 

ASrEEUL 

peesscke 

5 . 

j Diodrast 

[ InuHn 

1 



) C£. per min. 

cc. per min. 


cc. per min. 

per cent 

mm. Ill} 

2-26 

Conscious 

! 210 ; 

61.8 

0.29 

0.7 

44 

134 

3-8 

Conscious 

231 i 

64.3 

0.28 

0.5 

42 

128 

4-27 

! .A.nesthetized ' 

! 

! i 

not done 


0.1 

51 

• 176 

! 

(b) Dog 6 

PERIOD or j 

DURATION' OF 


1 

i 



i 

I 

URX-VE j 

COLLECTION' : 

COLLECnOK 


i 

i 




1 

1 minutes | 


i 





1 1 

10.5 1 

30S 

72.5 

0.23 

0.2 

42 

124 

2 i 

i 10.0 1 

210 ! 

48.8 

0.24 

0.15 

i 

IIS 

! 

10.75 ! 

98 i 
1 

26.8 

0.27 

0.1 

! 

! 

110 


23G 
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renal function was obtained in 3 dogs of 37 on wliich obser%-ations were 
made under anesthesia. In one of these (no. 5) observations had been made 
duiing the conscious state and the contrast vdth the effect of anesthesia is sho'wn 
in table 2a; in another (no. 6) the onset of renal failure under anesthesia is 
shown in succeeding periods of urine collection (table 2b). 

II. Effect of Arterial Pressure. In the nine experiments shovTi in table 1 and 
table 2a the arterial pressure is consistentlj’’ greater under anesthesia. This 
characteristic of pentobarbital anesthesia is not generally recognized. For this 
reason the data from a large series of experiments were submitted to the analysis 
described above and summarized in table 3. 

TABLE 3 


Summarxj of observations of blood pressure and calculaiioxis from (group I) conscious trained 
dogs and (group II) normal dogs under pentobarbital anesthesia 



GROUP I 

CONSCIOUS DOGS 

GROUP 11 

ANESTHETIZED DOGS 

Number of observations 

585 



150 

Number of animals 

27 



145 

Mean level of arterial pressure, mm. Hg 

129 



146.7 

Standard deviation, mm. Hg 

±4.8 



±21.1 

Standard deviation of mean, mm. Hg 

±0.9 



rbl .7 




Standard error of difference 


0.99 


Difference of means 


17 Q.l 


Standard error of difference 






Discussion. Our obseiwations show that renal function is usually main- 
tained at nonnal levels duiing pentobarbital anesthesia and that blood pressure 
is usuallj’’ increased. But it must be reahzed tliat these conclusions appl}’’ only 
to conditions of dosage and mode of administration similar to those used 
in these experiments. Indeed, the occasional failure of renal function in this 
group suggests that even vith the procedm’e in use we are still on the threshold 
of toxicity. 

The maintenance during anesthesia of normal ^•alues of plasma diodrast 
and inulin clearances and of maximum capacity to e.xcrete diodrast by secretion 
indicate respectively that renal plasma flow, glomemlar filtration rate and one 
of the tubular functions of the kidneys are unaltered (Smith, 1937; Smith, 
Goldiing and Chasis, 1938). We have shovai that the proportion of diodrast 
extracted from plasma by the kidnej' is not depressed during anesthesia (Cor- 
coran and Page, 1943; Corcoran, Taylor and Page, 1943) and it follows from 
this and the maintenance of clearance tliat the rate of renal blood flow is not 
altered. But it cannot be concluded that renal circulation is entirely un- 
changed, for the absence of change of renal blood flow during the increased 
blood pressure indicates that renal resistance must have been increased. Filtra- 
tion fraction, i.e., the ratio of inulin to diodrast clearance, is not affected by 
anesthesia, a fact wliich suggests that the increased renal resistance is not 
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associated vitli a change in the head of pressure vithin the glomerular capil- 
laries, for a change in filtration pressure would alter the volume of filtrate 
formed per unit volume of plasma flow through the glomeruli. The site of 
increased resistance is therefore probably the afferent arterioles, constriction of 
which would at once maintain renal blood flow and intraglomeralar pressure 
at normal levels during an increase of arterial pressure. This actmty of the 
afferent arterioles is probably an expression of their participation in the general 
tendency of the renal circulation to maintain itself imchanged during variations 
of arterial pressure (reviewed b}’’ Smith, 1939). That the vasoconstriction is 
more likely the result than the cause of the increase of arterial pressure is sug- 
gested by its locus in the afferent arterioles, for most t\"pes of peripheral vaso- 
constriction which increase arterial pressure are associated vith an increase of 
filtration fraction and evidence of efferent arteriolar constriction, e.g., p35’'cho- 
genic constriction, adrenin (Smith, 1939) renin, angiotonin (Corcoran and 
Page, 1939, 1940). The homeostasis of renal circulation during the increase 
of arterial pressure caused b}' pentobarbital anesthesia thus resembles the 
renal state during the cardiac hj-pertension released by injection of atropine 
and infusion of pitressin (Corcoran and Page, 1939). 

The mechanism of the renal failure which occasionally develops under anes- 
thesia is not clear. Our obser\'ations suggest that renal plasma flow and glo- 
merular filtration rate are concurrentlj’’ depressed, while the oliguria, sometimes 
present when these fimctions are not altered, is increased. The failure is not 
the result of arterial hypotension, for it occurred in one animal (no. 5) whose 
arterial pressure was increased by anesthesia, while in another clearance fell 
by two-thirds during an 8 mm. Hg decrease of arterial pressure. Since renal 
plasma flow is decreased, the cause may’’ lie in renal vasoconstriction similar 
to that obser\'’ed by Haury, Gmber and Gruber (1939) during intravenous 
injection of thiobarbiturate. This explanation must remain speculative until 
simultaneous obseiwations of total renal blood flow and diodrast clearance have 
confirmed it. Alternatives suggest themselves such as a breakdown of tubular 
bairiers due to concentration of the anesthetic in tubular fluid. 

The increase of arterial pressure observ'ed in the 9 e.xperiments of tables 1 
and 2 is confirmed as a general reaction to pentobarbital anesthesia by the data 
of table 3. The differences of mean level of pressure between the conscious 
and anesthetized dogs may be considered statistically convincing, since this 
value di’vided by' the standard enor of the differences greatly’ exceeds the value 
of 3 usually' accepted as the test of significance. The increase in pressure may' 
be attributed to .sy'mpathetic excitation similar to that which occurs in other 
ty'pes of anesthesia (reviewed by' Smith, 1939). 'V^Tiatever its caase, the fact 
that it occurs should revise upwards the “normal” levels of arterial pressure 
to lie expected in dogs given pentobarbital sodium as an anesthetic. Tlie level 
of pressure is a videly' accepted indicator of the general condition of anesthetized 
animals and it is therefore important to realize that, under pentobarbital, levels 
of 1 10 or even 120 ram. Hg measured by' mercury' manometer may' be indica- 
tions of toxic depression. Since renal failure may occur without a decrease of 
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arterial pressui-e, it maj' be that observation of urine flow mil serve as an addi- 
tional and possibly more delicate safeguai-d in experiments which the depressant 
effects of anesthesia might disturb. 

SUMMARY 

Anesthesia induced in dogs by intraperitoneal administration of 30 mgm. per 
kilo bod}’’ weight of pentobarbital sodium does not usually impair renal fmiction, 
for diodrast clearance and tubular secretoiy capacity as well as inulm clearance 
may be unaltered as compared with values observed in the resting conscious 
state. The maintenance unaltered of effective renal plasma flow (plasma dio- 
drast clearance) and filtration fraction during the increase of arterial pressure 
induced by anesthesia indicates that the afferent arterioles , have moderately 
constricted, in response, not to the anesthesia, but to the h}’pertension it causes. 
Tiflien renal failure occurs, it is associated •v'ith marked oliguria and with con- 
current depression of diodrast and inulin clearances independently of changes 
in arterial pressure-. Attention is dra'\\'n to the increase of arterial pressure com- 
monl}’’ present during pentobarbital anesthesia in dogs. Levels of 110 to 120 
mm. Hg which might be accepted as noi'mal in conscious dogs ma}’’ express toxic 
depression under pentobarbital anesthesia. It is suggested that the onset of 
severe oliguria, indicating as it does the onset of renal failure, maj^ piwdde a 
more delicate index of the toxic effects of the anesthetic than does a decrease 
of arterial pressure. 

The work described in this paper was done under a contract, recommended 
by the Committee on Medical Research, between the Office of Scientific Re- 
search and Development and the lill}’’ Laboratorj’’ for Clinical Research. 

The authors acknowledge gratefully data on normal anesthetized dogs pro- 
vided by Dr. K. G. Kohlstaedt and the skillful technical assistance of i\'Ir. 
Traman Woodmansee. 
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A series of papers have been published in recent years indicating that the 
feeding of large doses of vitamin A increases renal function in the dog (1) and 
man (2). Furthermore, reports describing a fall in blood pressure after adminis- 
tration of vitamin A in hj^Dertensive subjects (3) indicate that a possible coive- 
lation might exist between the renal action of tliis substance and the mecha- 
nism responsible for its hjT^otensive effect. The experiments reported in this 
paper, carried out over a period of two years, were designed to investigate the 
effect of various doses of vitamin A on the filtration rate, effective renal plasma 
flow and tubular excretory mass of normal dogs, maintained on a basal diet. 

jMethods. All experiments were performed on a total of seven unanesthe- 
tised female dogs. The animals were maintained during the whole period of 
observation on a dailj’’ diet consisting of 100 grams crackermeal, 30 grams meat 
powder,' 30 grams skimmed milk, 3 grams salt mixture and 5000 units of vita- 
min A.* Diodrast clearances (4) were used in six, and p-aminohippuric acid 
clearances (5) in five experiments to measure the effective renal plasma flow. 
The maximal tubular capacity for the excretion of diodrast (6) was determined 
in six dogs, p-aminohippuric acid being used in the rest of the animals. Before 
feeding large doses of vitamin A, normal control values for creatinine, diodrast 
or p-arainohippuric acid clearances and diodrast or p-aminohippuric acid Tm 
were established by performing weekly clearances over a period ranging from 
two to three weeks. Immediately followng this control period the feeding of 
large doses of vitamin A was begim. Fifty thousand units were given to 3 
animals, the other 4 receiving 200,000 units, daily. The large doses were con- 
tinued over a period ranging from two to three months; renal function as de- 
scribed above was determined at bi- or tri-weekly intenmls. Following this 
e.xperimental period, the dosage w'as reduced to the initial control level of 5,000 
units, and the clearance values were again observed for an additional period of 
three months. 

Experimext.4L. The effect of the oral administration of 50,000 units of vita- 
min A on the renal clearances was inconsistent (table 1). In one animal a 
slight rise in diodrast Tm values above the control was observed. However, 
since the diodrast Tm fell while the high dosage was being maintained, the rise 
was perhaps not caused by the vitamin. In another dog diodrast Tm values 
remained at the control levels, and in a third animal thej' rose slightly from 12.6 

* Supported by a grant from the Josiah Macy Jr. Foundation. 

- Valentine Meat Compan 3 '. 

* E. R. Squibb and Sons. 
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to 15.8 mgm. diodrast iodine per minute. Since in this last case a further rise 
ivas observed 26 days after the high dosage was discontinued, it is probable that 

TABLE 1 


Effect of 50,000 units of vitamin A 


NO. OF DOG 

SURFACE 

VITAitIN A 


PLASMA clearances 

Tm 

FILTRATION 


AREA 

PER DAY 


Creatinine 

Diodrast 

DIODRAST 

FRACTION 


sq, m. 

units 


cc.lmin. 

cc.lmin. 

mgm. iodine 
per min. 

Hi 

3 

0.691 

5,000 

5-22-42 

78.8 

271.0 

21.1 





7-24-42 

79.9 

206.7 

20.5 




50,000 

8-14-42 

63.6 

194.5 

22.17 





9- 5-42 

70.2 

214.8 

20.2 

0.328 



5,000 

9-19-42 

74.3 

209.8 

18.95 

0.354 

1 



10-10-42 

76.3 

268.8 

19.20 

0.284 

5 

0.775 

5,000 

4-17-42 

4-20-42 

82.0 

242.0 

12.1 

0.290 


1 


5-24-42 

44.6 

162.0 

15.8 

0.295 



50,000 

6- 9-42 

73.5 

205.0 

15.8 

0.295 




8- 3-42 

89.1 

214.8 

14.5 





8-12-42 

54.6 

160.0 

14.7 




5,000 

9- 8-42 

71.4 

213.0 

17.5 





9-15-42 

70.8 

140.0 

15.8 





9-30-42 

79.4 

220.0 

19.0 





10-27-42 

77.1 

274.0 

18.7 . 





12-29-42 

79.9 

306.0 



6 

0.450 

5,000 

1-23-42 

37.6 

114.0 






1-28-42 

34.8 

111.0 

9.5 





2- 4-42 

36.8 


7.8 

! 



50,000 

2-12-42 

38.5 

mm 

9.6 

0.266 




2-20-42 

42.4 

mmm 

11.6 





2-26-42 

50.0 

148.0 






3- 4-42 

44.6 

158.0 

10.1 





3-18-42 

32.3 

161.0 






3-20-42 

43.4 

123.0 

13.4 





3-25-42 

56.0 

175.0 


HBH 




3-27-42 

32.5 


7.70 




5,000 

4- 8-42 

43.4 

152.0 


0.285 




6-16-42 

49.0 







6-18-42 

51.6 

132.0 

9.7 

0.391 


the increase in the Tm' value was either the result of normal variation or the 
response to threshold dosages. Tlie data obtained on the filtration rate and 
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TABLE 2 


Effect of 200,000 units of vitamin A 


KO. or 

DOG 

SURrACE 

AREA 

VITAMIN* A 
PER DAY 

DATE or 
EXPERIMENT 

PLASMA CLEARAN'CES 

Tm 

riLTRA- 

TIOK 

TRACXIOJJ 

Creatine 

PAH 

Diodras 

PAH 

1 Diodrast 












sq. in. 

units 


cc.lmin. 

cc.lmin. 

u.jmin. 

cc.lmin. 

iodine 










per min. 


1 

0.683 

5,000 

11-24-42 

62.5 

184.0 


16.5 


0.340 




11-30-42 

46.1 

141.8 


16.2 


0.325 



200,000 

12-21-42 

61.0 

157.5 


17.9 


0.387 


/ 


2-11-43 




19.0 






3-17-43 

66.0 

188.2 


28.3 


0.350 



5,000 

4- 5-43 

72.4 

216.0 


19.5 


0.336 




5-12-43 

llA 





0.342 




5-21-43 

44.3 

116.8 




0.379 




5-24-43 

66.5 



1 


0.319 

2 

0.715 

5,000 

11-24-42 

52.2 

223.5 


10.4 


0.260 




12- 1-42 

59.8 

175.7 


12,0 


0.340 



200,000 

1- 6-43 

47.6 

158.9 


17.9 


0.299 




3-22-43 

68.3 

247.5 


20.5 


0.276 



5,000 

4-24-43 

47.7 

2.39.9 


20.6 


0.199 




5-10-43 

49.6 

164.0 


20.2 


0.210 




5-26-43 

55.3 

257.0 


16.2 


0.216 




6- 2-43 

39.8 



14.7 



3 

0.691 

5,000 

9- 5-42 

70.2 

214.8 


20.2 

■m 





9-19-42 

74.3 

209.8 


19.0 


0.354 



200,000 

10-13-42 

76.9 

219.0 


24.6 


0.351 




11- 9-42 

83.9 

279.0 ! 


29.7 


0.306 




12- 3-42 

85.0 

283 1 


28.5 


0.300 



5,000 

1- 8-43 

92.8 

1 

297.0 ; 


29.5 


0.312 




1-30-43 

76.6 

226.0 j 

1 

20.4 


0.339 

4 

0.765 

5,000 

9-11-42 

66.5 


214.0 


18.9 

0.311 ■ 




9-22-43 

66.1 

1 

199.0 


18.1 

0.321 



200,000 

10-16-42 

77.0 

i 

212.0 


21.9 

0.303 




11-17-42 

75.5 

1 

2.33.0 


25.6 

0.324 



5,000 

12-15-42 

62.7 

1 

1 

221.0 


24.1 

0.284 




1-11-43 

51.2 

1 

174.3 

} 


22.1 

0.293 


the effective renal plasma flow were equally inconsistent showing either no 
change or fall during the experimental period (table 1). In one instance the 
creatinine and the p-aminohippuric acid clearances rose following the discon- 
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tinuation of the high vitarmn A dosage (table 1). It was evident, therefore, 
that the feeding of 50,000 units of vitamin A had no significant effect upon the 
renal functions observed. This conclusion was further confirmed by statistical 
treatment of these data. Table 3 shows the maximal range for the normal 
variation obtained statistically from 32 observations, each consisting of two 
collection periods. Twelve of tliese observations were obtained vith p-amino- 
liippuric acid, the rest with diodrast. The highest values obtaiued for each 
individual animal during the ingestion of 50,000 units lie below the maximal 
range. 

The effect of the daily addition of 200,000 units of vitamin A to the standard 
diet of 4 dogs resulted in a significant rise in the maximal tubular capacity for 
tire excretion of diodrast or p-aminohippuric acid, the increase averaging from 
50 to 100 per cent of the control value (table 2). Figure 1 representing a typical 
experiment shorvs that the administration of 200,000 units w^as effective within 

TABLE 3 


'Deviation of experimental Tm data from maximal normal range 


NO. OF DOG 

NO. OF UNITS 
VITAMIN A 
GIVIIN 

SURFACE AREA 

AVERAGE OF HIGHEST 
EXPERIMENTAL POINTS 

MAXIMUM RANGE FROM CONTROL 
DATA 

Tmu 

T“PAH 

Diodrast 

PAH 








1 

200,000 

0.683 


41.4 


28.4 

2 ' 


0.715 


28.7 


28.4 

3 


0.691 


43.0 


28.4 

4 


0.765 

33.4 


35.2 


5 

50,000 

0.775 

20.4 


35.2 


3 


0.691 

32.7 


35.2 


6 


0.450 

29.8 


35.2 



a period of three w^eeks. Similar results were obtained in 2 other dogs. In the 
fourth animal the rise in Tm did not appear until after five w’^eeks. When these 
data are treated statistically in the manner described above it is seen that the 
highest Tm figures per square meter of body surface, as obtained on three dogs, 
exceeded the maximal range of the control data, indicating a significant increase 
in the renal excretory mass (table 3). In the fourth animal the highest Tm 
figure lay "within the normal variation. Upon individual treatment of the data 
obtained on this animal, however, it can be seen that a rise in the Tm value above 
its control data resulted from the application of the vitamin (table 2). A rise 
W’^as obseiwed in the filtration rate and the effective renal plasma flow of all but 
one dog, in which the high vitamin A dosage produced no effect. Since this 
increase ranged from 5 to 30 per cent of the control figures, it w'as less than the 
increase observed for the con'esponding Tm values. It seems of special signifi- 
cance that the filtration fraction did not change during the vitamin A hyperemia, 
an observation confirming the results of Corcoran and Page (2). The effect 
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of vitamin A differs, therefore, from that produced by p 3 ’-rogens (7) or 3 ’east 
aden 3 dic acid ( 8 ) in which the filtration fraction falls during the h 3 'pereraic period. 








WEEKS 

Fig. 1 demonstrates the effect of the daily administration of 200,000 units of vitamin A 
on the effective renal plasma flow, Cd, the filtration rate, Ccr and the maximal tubular 
excretory capacity for diodrast, Tiro. 


Discussion. The experiments reported in this paper indicate that the addi- 
tion of 5,000 as well as 50,000 units of vitamin A has no significant effect upon 
the glomerular filtration rate, effective renal plasma flow or tubular excretory 
mass, while the daib^ administration of 200,000 units causes a significant increase 
in Tm values in all animals obsen’ed. The renal plasma flow and the filtration 
rate showed a moderate increase in three animals and no change in the fourth. 



VITAMIN* A AND RENAL FUNCTION 


245 


The rise observed after these large doses is not attributable to correction of 
a^’itanlnosis, since the dogs had been maintained on a presumptively adequate 
vitamin intake during the control period. It is also improbable that the rise 
was caused by free essential fatty acids, since the corn oil used as vehicle for 
the vitamin contained no fatty acid radicals (9). 

From tables 1 and 2 it will be seen that the filtration fraction remained con- 
stant throughout the period of hyperemia. This fact indicates that the filtra- 
tion pressure in the glomerulus remains constant if it is assumed that filtration 
equilibrium is reached in the glomemlar capillaries (10). It is probable, there- 
fore, that the changes in renal blood flow produced by the vitamin A must be 
mediated by changes in both the afferent and efferent glomerular arterioles. 
Consequent!}’- the mechanism of renal hyperemia described in this paper is 
similar to that obsen’ed to follow the feeding of fish to the harbor seal (11) and 
of a high protein diet to normal and hypeitensive dogs (12). 

The effect of large doses of vitamin on the maximal rate of diodrast and 
p-aminohippuric acid excretion resembles the action of testosterone on the 
kidney of dog and man (13). In contrast to testosterone, however, vitamin A 
caused an increase in the effective renal plasma flow and filtration rate in three 
out of four animals. The rise in the Tm figures may indicate the development 
of a true renal h 3 ’pertroph 3 '', an assumption supported b}’- the woi-k of Koren- 
chevsky and others (14) who found that testosterone produces a significant 
increase in kidney weight. It is possible that the rise in plasma flow and filtra- 
tion rate obser\’ed after the feeding of 200,000 units of vitamin A represents a 
circulatory adjustment of the kidney to the increased tubular mass of that 
organ. 


SU3IMARY 

The oral administration of 5,000 and 50,000 units of vitamin A produces 
no significant change in the glomeiular filtration rate, the effective renal plasma 
flow and the tubular excretory capacit}'- for diodrast or p-aminohippuric acid of 
normal unanesthetised dogs kept on a standard diet. 

The feeding of 200,000 units of the vitamin results in a significant rise in the 
tubular excretory mass, and a moderate increase in renal plasma flow and filtra- 
tion rate. No change in filtration fraction occurs during the h 3 ’peremia. 

The relation of vitamin A to other renotropic substances is discussed. 

I wish to express m}* gratitude to Miss Christine Waples and Mrs. Louise 
Buchanan for their assistance in performing the experiments. 
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Fibrillation Avas fii’st observed bj’’ Schiff (10). Langley and Kato (7) ascribed 
the loss in Aveight folloAAong motor denerA*ation to this actiAdty. HaAdng inhib- 
ited fibrillation effecth^ely Avith quinidine sulphate, and finding little change in 
atrophy, Solandt and Magladeiy (11) questioned the OA^erAvork hypothesis of 
Langlej'^ (6). Soskin and co-AA'orkers (9, 12), using atropine sulphate to decrease 
fibrillation and physostigmine to increase fibrillation, obtained Aveight changes in 
denerA^'ated muscle Avhich the}’" interpreted as supporting Langle 5 ’’’s hypothesis. 
The present Avork Avas undertaken to obtain neAV evidence on the relation of 
atrophy to fibrillation in dene'rvated muscle. 

Methods. One hundred and fifty male albino rats (average Aveight 220 grams) 
AA’-ere used. Denervations Avere carried out by sciatic nerve section high in the 
thigh. The choice of the leg to be denerA'ated and the assignment of animals to 
the treatment to be received Avere made at random, using Tippett’s Random 
Sampling Numbers (13). Five groups of animals Avere designated as folloAvs: 

(1) Thirty-seven rats to receiA’’e atropine sulphate 38 mgm. dailj’’ per 100 grams. 

(2) Thirty-seA^en rats to receNe quinidine sulphate 38 mgm. daily per 100 

grams. 

(3) TAventy-six rats to receive atropine sulphate 19 mgm. dailj' per 100 grams. 

(4) TAventy-six rats to receive quinidine sulphate 19 mgm. daily per 100 grams. 

(5) TAventy-four rats to receh'-e saline. 

A larger number of animals AA^as assigned to be given large doses (38 mgm./lOO 
grams) of atropine and quinidine sulphate because of the higher mortality to be 
expected in these categories, hloderate doses (19 mgm./lOO grams) of the drugs 
Avere given to other animals as indicated. In each group the drug AA^as adminis- 
tered subcutaneousl}’’ and the dose Amlume in all cases Avas the same. One half 
of the daily dose Avas gh’^en at 10 a.m. and the other half at 10 p.m. starting the 
daj’- after denervation. On the 4th, 8th, 12th, 16th and 20th days after denei'A’^a- 
tion 4 animals Avere selected at random for test and autopsy from each sui’Adving 
group. 

Fibrillation Avas recorded using a four-stage A'^ah’e amplifier and a loudspeaker. 
Pahed electrodes consisting of no. 26 lypodermic needles fixed at a distance of 1 
cm. apart Avere used. One pair of electrodes Avas inserted into the denervated 
muscles. The placing of the electrodes AA'as done after careful palpation and 
obserA'^ation. A second pair of electrodes AA'as inserted in a like manner mto the 

^ Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 

247 



248 


D. Y. SOLANDT, D. B. DeLURY AND JOHN HUNTER 


intact muscles of the opposite limb. A double pole double throw switch per- 
mitted a ready comparison of the fibrillary potentials of the denervated muscles 
with the action potentials of normal tonic activity in the intact muscles. In 
evaluating this difference the output of the amplifier was led to a loudspeaker 
and the difference in sound intensity between the dener\'ated and the opposite 
intact groups of muscles was measured using a sound-level meter (General Radio 


TABLE 1 


DRUG 

DAYS 

AFTER 

FIBRILL^TIO-V (ESTIMATED 
BY SOUND-LEVEL METHOD 
AND EXPRESSED AS DENER- 
VATED MINUS INTACT 
MUSCLE ACTIVITY) 

LEG 

BODY TOICHT 

MUSCLE WEIGHT 

DEKER- 

VATIOK 

Initial 

Final 

Dener- 

vated 

Intact 

Large quinidine 

4 

0 

Left 

grams 

262 

grams 

263 

grams 

1.38 

grams 

1.48 

4 

2 

Left 

257 

254 

1.23 

1..51 


4 

0.5 

Right 

232 

249 

1.42 

1.55 


4 

0 

Left 

220 

200 

1.18 

1.25 

Large atropine 

4 

17.5 

Right 

217 

196 

0.94 

1.16 


4 

10 

Left 

246 

218 

1.16 

1.20 


4 

12 

Right 

256 

216 

1.26 

1.31 


4 

14 

Right 

200 

165 

0.85 

1.01 

Moderate quin- 

4 

8.5 

Right 

198 

202 

1.19 

1.25 

idine 

4 

7 

Left 

248 

231 

1.15 

1.21 


4 

17.5 

Right 

180 

187 

0.86 

1.16 


4 

16.5 

Right 

218 

230 

1.21 

1.38 

Moderate atro- 

4 

10 

Left 

264 

231 

1.22 

1.34 

pine 

4 

12 

Right 

200 

170 

0.90 

1.00 


4 

7 

Left 

210 

189 

1.00 

1.03 


4 

14.5 

Right 

192 

185 

1.00 

1.14 

Saline 

4 

12 

Right 

181 

193 

0.99 

1.17 


4 

14 

Right 

266 

285 

1.51 

1.73 


4 

17.5 

Left 

274 

266 

1.55 

1.75 


4 

12.5 

Left 

180 

188 

0.98 

1.15 

Large quinidine 

8 

1 

Right 


158 

0.86 

0.93 


8 

13 

Left 


168 

0.72 

0.84 


8 

6 

Right 


192 


l.OS 

' 

8 

8 

Left 


206 

0.84 

1.16 

Large atropine 

8 

5 

Right 

265 

183 

0.91 

0.91 

S 

7 

Right 

248 

190 

0.73 

0.89 


8 

14 

Right 

238 

166 

0.52 

0.77 


8 

13 

Pi-ight 

180 

169 

0.65 

0.97 

Moderate quin- 

8 

6.5 

Right 

186 

200 

0.87 

1.24 

idine 

8 

9 

Left 

220 

221 


1.42 


8 

11 

Right 

199 

230 

0.88 

1.40 


8 

9 

Left 

240 

246 

0.96 

1.38 

Moderate atro- 

8 

4 

Right 

178 

162 

0.67 

0.87 

pine 

8 

9 

Left 

188 

181 

0.72 

1.00 

8 

9 

Left 

250 

235 


1.34 


S 

10 

Right 

195 

182 


1.04 

Saline 

S 

6.5 

Right 

194 

207 

0.97 

1.39 


S 

14 

Left 

274 

267 

1.07 

1.76 


8 

15 

Left 

222 

237 

1.16 

1.66 


8 

13 

Left 

274 

243 

HBii 

1.69 
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TABLE 1 . — Continued 


DRUG 

DAYS 

ArXER 

riBRlIXATION (estimated 
BY SOUND-LEVEL METHOD 
AND EXPRESSED AS DENER- 
VATED MINUS INTACT 
MUSCLE ACTINITY) 

LEG 

BODY ■WEIGHT 

MUSCLE WEIGHT 

j DEKER- 
VATION 

Initial 

Final 

Dcner- 

vated 

Intact 

Large quinidinc 

12 

0 

PI 

f/atus 

ISS 

f^rams 

176 

H 

grams 

1.03 

12 

2 


194 

190 

BiKiil 

1.08 


12 

1.5 

■^1 

202 

182 

0.57 

O.SS 

Large atropine 

12 

5 

Left 

198 

165 

0.34 

0.70 


12 

5 

I^cft 

175 

150 

0.43 

0.60 


12 

15 

Right 

199 

159 

0.41 

0.66 


12 

14 

Left 

224 

163, 

0.48 

0.60 

Moderate quin- 

12 

11 

Left 

233 

242 

0.41 

1.03 

idine 

12 

3 

Right 

250 

226 

0.87 

1.30 


12 

15 

Left 

289 

300 

0.91 

1.67 


12 

11 

Left 

255 

252 

0.87 

1.52 

Moderate atro- 

12 

16 

Left 

204 

181 

0.57 

0.97 

pine 

12 

13 

Right 

234 

181 

0.80 

1.10 

12 

22 

Left 

211 

180 

0.69 

0.87 


12 

15 

Left 

214 

200 

0.84 

1.22 

Saline 

12 

4 

msm 

186 

243 

0.81 

1.61 


12 

4 

■tHaf 

286 

297 

1.01 

1.80 


12 

7 


245 

264 

0.97 

1.68 


12 

6 

■HI 

215 

228 

0.87 

1.60 

Large atropine 

16 

2.5 

Right 

2C0 

187 

0.61 

0.98 

16 

1 

Left 

228 

160 

0.49 

0.81 

Moderate quin- 

16 

0 

Left 

205 

230 

0.59 

1.30 

idine 

16 

2.5 

Right 

180 

222 

0.66 

1.28 


16 

2.5 

Right 

212 

193 

0.46 

1.04 


16 

3.5 

Right 

180 

230 

0.50 

1.31 

INIoderatc atro- 

16 

5 

Right 

191 

178 

0.99 

0.99 

pine 

16 

6.5 

Right 

237 

204 

1.11 

1.11 


16 

5 

Left 

252 

172 

0.99 

0.99 


16 

9 

Right 

229 

180 

1.21 

1.21 

Saline 

16 

10 

Right 

212 

215 

0.74 

1.70 


16 

7 

Riglit 

186 

235 

0.64 

1.43 


16 

9 

Right 

219 

245 

0.75 

1.77 


16 

2 

Right 

240 

282 

0.69 

1.75 

Moderate quin- 

20 

1 

Left 

270 

254 


1.47 

idine 

20 

3 

Left 

260 

273 


1.56 


20 

2 

Riglit 

205 

212 


1.13 


20 

11 

Left 

255 

254 

0.49 

1.61 

Moderate atro- 

20 

12 

Right 

241 

215 

0.40 

1.07 

pine 

20 

5 

Right 

211 

199' 

0.57 

1.11 

20 

8 

Left 

265 

187 

0.53 

0.99 

Saline 

20 

6 

Loft 

ISO 

274 

0.59 

1.62 


20 

3 

Left 

210 

247 

0.67 

1.68 


20 

i 8 

Right 

221 

260 

0.80 

1.79 

• 

20 

3 

Right 

256 

288 

0.59 

1.98 


— Type 759A). The sound-level meter served the purpose of an output meter, 
suflaciently damped to give an integrated reading of the amplifier output. The 
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use of a suitably damped output meter would have served the same purpose and 
eliminated the frequency response limitations of the loudspeaker which, how- 
ever, proved unimportant in the present instance. The records were taken under 
sufficient ether anesthesia to avoid movement on the part of the animal. Con- 
trols indicated that the degree of anesthesia, over the range used, did not measur- 
ably affect the fibrillation. 

The fibrillary potentials were also photographed using a Matthews oscillograph. 
Fibrillary activity w'as estimated by counting action potential spikes. This 
method yielded results quantitative^' similar to those obtained b 3 '- estimating 
integrated amplifier output with a sound-level meter. 

A visual method of estimating the degree of fibrillation was also attempted. 
Prior to autopsy, fibrillation on the proximal, middle and distal thirds of the 
anterior and posterior surfaces of the muscle was observed under reflected light. 



Fig. 1. Fibrillation in the denervated gastrocnemius-soleus muscle group of the albino 
rat. 

Fig. 2, Denervated muscle weight for each group of rats adjusted to a fi.xed value of 
fibrillation and to the same initial body weight. 

Activitj' was recorded as absent (0), slight (1) or marked (2). Visual methods, 
although lacking accurac}' and objectivity, permitted a crude but useful check 
on conclusions arrived at bj’’ the more precise methods described. On limited 
trials there was a satisfactory' correlation between the results obtained using the 
three methods for estimating fibrillation. 

A series of 25 rats, each with one sciatic nerve cut, was studied, using the sound- 
level method, to follow the fibrillary' activity' in animals to which no drug had 
been administered. The average course of fibrillation for this series is shown m 
figure 1 . Fibrillation was readily detected on the 3rd day after denervation. P- 
increased rapidly' to a maximum, generally obser\'ed on the 6th day, after w'hich 
it continued prominent for the duration of the experiment (20 days) . The initial 
increase to the maximum reached on the 6th day' was remarkably' constant. From 
the 0th until the 9th day* a fairly regular decrease was noted. From the 9th to the 
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20th day the dail}'- records on individual animals showed some variation from da}’- 
to day. 

In the main series of animals, to which drugs or saline were administered, the 
variables recorded were: (1) Final weight of the denervated muscle (w). (2) 
Final weight of the intact muscle (i). (3) Initial body weight (y). (4) Final 
body weight. (5) Amount of fibrillation (x). (6) Duration of the period of 

denervation (t). (7) Drug, if any, emplo3'^ed (z). 

The experiment was intended primarily to investigate the relationship between 
(1) and (5). The time variable (6) was introduced simply to pro-vdde a wider 
basis for whatever conclusions might be reached regarding this relationship. The 
various drug applications (7) were used to produce varying degrees of fibrillation. 
Initial body weight (3) was recorded for the purpose of establishing control over 
this variable as a potential source of experimental error. The remaining variables 


TABLE 2 TABLE 3 


REGRESSION COEFFICIENTS 


Final muscle weight 


Symbol 

Value 


TREATMENT I 

REGRESSION COEFFICIENTS , 

t 

A 

0.0771 


Large 

D (Fibrillation) 

-0.79 

B (Time) 

-0.1G04 

-14.5** 

quinidine 

E (Initial bodj"- 

0.88 

C (Times) 

0.0315 

3.0** 


weight) 


D (Fibrillation) 

-0.0031 

-1.07 

Large atro- 

D 

-0.73 

E (Initial Body 

0.2SS2 

6.3** 

pine 

E 

2.06 

Weight) 



Moderate 

D 

-0.843 

F (Drug) 

0.0555 

5.55** 

quinidine 


1.596 




Moderate 

D 

0.468 




atropine 

E 

—2.4* 




Saline 

D 

1.359 



1 


E 

2.72* 


* R. A. Fisher, 1934, Section 29. * Significant at 5 per cent level. 

** Significant at 1 per cent level. 


(2) and (4) were included to permit an examination of the effect of the drugs when 
denervation was not present, since any conclusion as to the relationship of (1) 
and (5) must rest in part on a demonstration that the effects have not been the 
result solely of the direct action of the drugs. 

Two attempts to determine the relationship of atrophy to fibrillation were 
made. In the first (table 2) a regression equation of form W — A -{■ Bt Ct- 
+ Dx + Ey + Fz, where TF represents the adjusted value of w, was fitted to show 
the dependence of w on t, x, y and z (2). A, B, C, D, E and F represent partial 
regression coefficients. A partial regression coefficient which differs significantly 
from zero indicates that the corresponding variable exhibits a real relationship 
vfith w apart from the effects of the other variables. One which does not differ 
significantly from zero indicates that the experiment does not give adequate 
evidence of such a relationship. 

A possible objection to this procedure arises from the fact that the variable 
“drug” is not measurable, and consequent^, in order to include it in the anatysis, 
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numbers were assigned arbitrarily to drugs, in such a way that the drug numbers 
have the same rank as the effect on body weights produced by these drugs. Such 
a device is not expected to be wholly satisfactory^ although it is better than com- 
pletely neglecting the “drug” factor. 

In the second attempt (table 3), this arbitrary element is avoided by fitting a 
regression equation of form W ~ A -{■ Bl Dx Ey to the records of 

each set of rats receiving the same drug. This approach is made possible by the 
circumstance that fibrillation effects varied considerably Avithin each such set. 
Differences among these regression equations will presumably indicate differences 
among the effects of the drugs, but in each of them the fibrillation regression 
coefficient may be tested as before. 

A similar treatment Avas accorded final intact muscle weight according to the 
equation I = A + Bl A- Cf? Ey, Avhere I represents the adjusted value of i, for 
the pui-pose of estimating the effect of the drugs A\ffien denerAmtion is not present. 

In the final evaluation of the effects of body AA’eight (table 4) coA-ariance meth- 
ods were used (3). 


TABLE 4 


SOUECE 

DEGREES 

OF 

FEEEDOU 

SUM ! 
OF SQUARES i 
UNADJUSTED 

DECBEES 

OF 

rEEEDOlf 

SUM OF SQUARES 
ADJUSTED FOR 
ViiriAtBODY 1 
WEIGHT 

1 

DEGREES 

OF 

freedom 

sen OF EQDAEES 
ADJUSTED TOE 
I.VmAD AKD 
rntAD BODY 

WEI CUTS 

Time 

2 

0.41467 





Drugs 

4 

0.21957** 

4 

0.1 0750** 

4 

0.04138 n.s. 

Error 

8 

0.03933 

7 

0.02877 

i 0 

0.02432 


** Significant at 1 per cent level, 
n.s. Not significant at 5 per cent level. 


Results axd discussiox. Table 1 contains the untreated experimental data, 
obtained in the manner described, and is .self-explanatory. Table 2 shows that 
the regression coefficient associated with fibrillation alone fails to exhibit signifi- 
cance. We have, therefore, no evidence that fibrillation has any’^ effect on the 
final Aveight of the denervated muscle. Duration of denervation, initial body' 
AA'eight, and drug effects all prove to be significant factors contributing to the 
final Aveight of the denervated muscle. A similar analy'sis canied out using visual 
estimations of fibrillation likeAvise produced a non-significant fibrillation regres- 
sion coefficient. 

In the regression equations fitted to the obserA'ations on each drug group, the 
coefficients denoting fibrillation effects again proA'ed to be non-significant (table 
3) . Thus these coefficients, although less precise than those of table 2 (since they 
are based on smaller numbers of animals), lead to the same conclusion. 

The present experiments thus confirm the original conclusion of Solandt and 
INIagladery (11) that fibrillation is not the cause of the atrophy obsen'cd in 
denerA'ated skeletal muscles. Lazere, Thom.son and Hines (8) and Weddell, 
Feinstein and Pattle (14) have presented evidence which .supports this conclusion. 

The equations for each drug group also demonstrate, through the differences 
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between them, that the responses to the various drugs were substantially differ- 
ent. The curves of W against t, for fixed values of x and y, are shovui in figure 2. 
These curves indicate the effect of the treatments used on the weight of the dener- 
vated muscle. The least final denervated muscle weight was obtained vith large 
doses of atropine. Large doses of quinidine did not depress the final weight of the 
denervated muscle quite so far and moderate doses of atropine, quinidine and 
saline were progressive!}" better in that order. The upward trend in final muscle 
weight shown by the rats receiving large doses of atropine on the 16th day and 
those receiving moderate doses of atropine on the 20th day is probably due, in 



Fig. 3 Fig. 4 

Fig. 3. Final intact muscle weight for each group of rats adjusted to the same initial 
body weight. 

Fig. 4. Showing the inversion of true results obtained by plotting the ratio denervated 
over intact final muscle weight in an experiment involving the use of procedures affecting 
both muscles. 


part at least, to the circumstance that unusually heavy rats contributed these 
points on the graph. The first degree adjustment performed in these cases might 
not be entirely adequate. Even if this late weight recovery is a real effect, pos- 
sibly due to accommodation to the drug, it is one shared by both intact and 
denervated muscles. These experiments give no support to the view that atro- 
pine sulphate has a selective beneficial effect on denervated muscle. 

Characteristic changes in body weight were seen vdth each treatment used. 
Rats receiving saline demonstrated an increase, as was to be expected in growing 
animals, and this increase was also in evidence when moderate doses of quinidine 
were administered. Large doses of quinidine and moderate doses of atropine 
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resulted in some loss while large doses of atropine resulted in a profound loss of 
body weight. Therefore the question ma}-- be raised as to whether, for example, 
the severe atrophy of denervated muscle exhibited by rats receiving large doses of 
atropine was the result of action by the drug on the denervated muscle, or if this 
weight loss simply reflected a general loss of body weight. Some hght was thrown 
on this question by the cun'^es of final intact muscle weight plotted against time, 
adjusted for varjdng initial body weight according to the equation I = 

Ct- A- Ey. These curves (fig. 3) demonstrate that at least a large part of the 
weight loss of the deneiw ated muscle is also exhibited by the intact muscle. Con- 
sequentl}’^ much if not all of the difference, between one drug and another, in 
weight loss of the denervated muscle must be attributed to difference in loss of 
bodj" weight produced by those drugs. 

Levine, Goodfriend and Soskin (9) and Soskin and Levine (12) have reported 
phenomenal weight retention in the deneiwated muscles of animals receiving 
large doses of atropine sulphate. In these experiments the ratio of the weight of 
the denervated muscle to the weight of the corresponding intact muscle from the 
opposite limb is used as a measure of the existing atrophy. The data of our 
present experiments, using this ratio, are plotted in figure 4. Here it would 
appear that moderate doses of quinidine and atropine and large doses of these 
same drugs, in this order, are progressively more effective than saline in retarding 
weight loss in the denervated muscle. However, figures 2 and 3 show that 
animals jdelding high values of this ratio are exhibiting high weight loss of the 
intact muscle, not low weight loss of the denervmted muscle. Fischer (1) con-ob- 
orates this point. Hines, Thomson and Lazere (4) have pointed out that the use 
of the intact member as a control in drug studies is inadvisable. Knowlton and 
Hines (5) likewise showed that in cases where the animals undergo significant 
changes in body weight after denenmtion the assumption that the control muscle 
represents the initial weight of the denervated muscle is untenable. Solandt and 
Magladery (11) used this ratio to indicate the extent of atroph 3 ^ The method 
did not lead to erroneous conclusions in this case because the dose of the drug used 
was not large and the bodj* weight loss .slight as compared to the loss exhibited in 
the present experiments. 

Loss of body weight maj’- account for the whole of the differences between drug 
effects. This possibility maj’- be tested by adjusting these differences for varia- 
tions in both initial and final body weight using covariance methods. In order 
to avoid gaps in the data, observations made after the 12th daj^ were deleted. 
Table 4 shows the sums of squares of deviations from the mean, of the average 
weights of denervated muscle for the 5 treatments used, unadjusted, adjusted for 
initial bodj^ weight, and adjusted for both initial and final body weights. llTien 
the differences in initial bodj’’ weight are accounted for the treatment differences 
are still significant, but when both initial and final bodj' weights are taken into 
account the treatment diff'erences are no longer significant. We conclude that 
whatever differences have been observed among the weights of the denerv’ated 
muscles under different drug applications can be accounted for on the basis of 
loss in body^ weight. It appears, therefore, that the drugs have had no demon- 
strable .specific effect on the weight of the deneiwated muscles. 
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SUMMARY 

1. The atrophy of denervated skeletal muscle is not produced bj’- fibrillation 
nor is it significantl 3 ’’ affected bj’^ fibrillary actmt 3 L 

2. Large, repeated doses of atropine or quinidine sulphate give rise to a reduc- 
tion in animal body weight and. this includes weight-loss on the part of both 
intact and denervated skeletal muscles. 

3. Neither atropine nor quinidine sulphate exerts an 3 ’- specific effect on the 
weight of denervated skeletal muscle. 

The authors appreciate the interest which Prof. C. H. Best has taken in this 
work. 
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The effect of variations in the temperature of the blood floAving through the 
heart in the heart-limg preparation was studied in the dog bj- Knowlton and 
Starling in 1912 (1). Under the conditions of that experiment, the temperature 
of the venous blood of the heart was the onh' factor affecting the pulse rate; the 
rate was imaffected bj’’ changes in the arterial or venous pressure. "'IMien the 
temperature of the blood lay between 26.o°C. and 43.0°C., the pulse varied from 
63 to 165, and bore an approximatel 5 ’’ linear relation to the temperature. The 
heart rate decreased when the temperature of the blood exceeded 43.0°C. Kisch, 
in 1923 (2), by means of an arterio-venous anastomosis through a paraffin-lmed 
cannula kept in a water-bath between 50°C. and 60°C., noted a lise of 20 to 40 
beats in the pulse of rabbits for each 0.5°C. rise in the temperature recorded in 
the mediastinum. Similar exT^eriments in dogs showed a ten-beat increment 
per 0.5°C. rise in the temperature recorded in the right auricle. Tlie effect of 
cooling the blood was not investigated. Section of the vagus ner\'es or the sj’m- 
pathetics did not abolish the tachj'cardia produced under these e.xperimental 
conditions. 

In the course of studies unrelated to the problem discussed here there were 
obser\'ed alterations in the heart rate which appeared to be associated with 
variations in the temperature of even small amounts of fluid injected into the 
external jugular vein. The paucity of data concerning the effect of temperature 
of the blood on the heart rate of the intact animal led us to investigate this prob- 
lem further. Records were made, therefore, of the alterations in the heart rate 
produced bj' injection into the external jugular vein of the intact animal of fluid, 
the temperature of which was varied from 22.0°C. to 57.0'’C. 

^Methods. Five rabbits and sLx cats, all healthy adult animals weighing 
between 3 and 3.5 kgm., Avere used. Pulse and blood pressure were measured 
by means of a glass cannula in the left carotid ailery connected to a Huerthle 
membrane manometer and recorded kATnographically. Venous pressure was 
measured with the aid of a cannula in the right e.xtemal jugular vein, pointing 
cephalad, and recording in similar fa.shion. Another cannula was placed lower 
in the same vein, pointing toAvard the heart, for the purpose of infasion. Both 
membrane manometers were calibrated in millimctei-s mercury. Ptcspirations 
were recorded from the side arm of the tracheal cannula by means of a Marey 
tambour. Preparation for the experiment included intravenous injections of 
heparin, 150 units per kilogram. Three rabbits were anesthetized uitli sodium 
rx;ntobarbifal (30-35 mgm. per kgm. giA'en intraperitoneally) and two AA-ith 

^ This inA'estipation hss !)cen aided by a grant from the Josiah Macy .Tr. Foundation. 
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novocaine infiltration of the skin and subcutaneous tissues of the neck. Three 
cats received sodium pentobarbital in the same dosage and b 3 " the same route; 
three were given light intratracheal ether anesthesia with no premedication. 

Physiologic solution of sodium chloride was employed in all experiments. 
Infusions were given from a 250 cc. infusion flask, suspended approximately 

TABLE 1 


Pulse variations from the normal caused by infusions of normal saline at different temperatures 



TEMPER- 
ATURE OF 
SAZIKE 
INFUSED 

1 

i 

ANniAL— RABBIT ^ 

ANIitAL— CAT ■ 


°c. 



Total 69 

22-26 

-60 -80 

-40 -50 




—40 


27-31 

-30 -40 -40 -50 -50 

-10 -10 -10 



-60 -60 -60 -60 -60 

-20 -20 -20 -20 -20 -20 -20 



-100 -100 

-30 -30 -30 -30 -30 




-40 -40 -40 -40 -40’ -50 -60 -60 


, 32-36 

-^30 -30 -30 -30 

-10 -10 -10 -10 



-40 -40 -40 -40 

-20 -20 -20 -20 -20 -20 



-50 -50 -50 

-30 -30 -30 -30 



-60 -60 -60 

i 

Total 39 

37-40 

-10 -10 

1 

-5 



000 000 000 000 000 

-10 -10 



+0 +5 

000 000 000 000 




+10 +10 +10 +10 +10 

Total 31 

41-45 

4-10 4-10 4-10 

000 



4-20 4-20 4-20 

+5 


! 

4-30 

+10 +10 



1 

+20 +20 +20 


46-50 

4-20 

+10 



4-40 

+20 



4-50 

+20 




+40 


50-51 

4-40 ! 

+20 +20 



4-50 

+30 



4-50 

+40 



4-60 



one meter above the level of the cannula and connected to it bj' means of trans- 
parent rubber tubing. A thermometer was held in place in the flask at the 
pomt of outflow of the fluid. The tubing connecting the flask and the cannula 
held about 15 cc. of fluid. Because of the cooling which occurred in this rubber 
tube (from 40°C. to 33°C. in 1-2 min.) it was necessary to empty it immediately 
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prior to each infusion . This was accomplished by interposing a three-way stop- 
cock in the system just above the cannula, and allowng 30 cc. of fluid to escape 
from the sideann. 

Since the fluid beyond the stopcock could not be drained, 2 cc. of saline 
solution were allowed to run slowly into the jugular rein a few seconds before 
eveiy test infusion, to exclude the effect of fluid of unknown temperature. Tlie 
infusions were given at rates which varied from 150 to 200 cc. per minute and 
from 2 to 25 cc. in amount. Precautions were taken to prevent overloading 
of the vascular system in the course of the e.xperiments. A total of 69 cool 
(22°C. to 36° C.) and 31 warm (43°C. to 57°C.) infusions were given. These 
were controlled by 39 infusions of fluid at “body” temperature (irithin 2.0°C. 
above or below the rectal temperature). In almost all e.xperiments observations 
were made both before and after vagotomy. 

The results of these experiments ma}*^ be listed: 

1. Infusions of saline solution at “bod\'” temperature produced no change 
in the heart rate. 

2. Infusions of saline solution at a temperature below that of the bod}*^ pro- 
duced a bradycai'dia in all experiments. This, depending upon the temperature 
of the infusion, varied from 20 to 100 beats. 

3. Infusions of saline solution at a temperature above that of the body caused 
a tach^'cardia of from 10 to 90 beats. 

4. These effects occurred equall}’’ well both before and after bilateral cervical 
vagotom.y. 

5. A number of infusions of cool saline (30°C.-35°C.) given into the femoral 
vein and into the pulmonarj’- artei^' produced no alteration in the heart rate. 

6. In each case the change of pulse rate began 2 to 3 seconds after the 
beginning of the infusion and lasted for .several seconds after all the fluid had been 
injected. No consistent or important changes in general blood pressure were 
caused by the infusions. The venous pre.ssure always rose moderately during 
the administration of the fluid. 

Di.scus.sioN. The generalization may be made that within the limits of the 
temperatures employed in these .studies the lower the temperature of the saline 
solution the gi-eater the degree of bradycardia, and the higher the temperature 
the greater the degree of the tachycardia. 

The fact that this effect occurs after vagotomy and (as has been shovTi by 
Kisch with heat) after .s>Tnpathectomy indicates probably that local condition.s— 
possibly direct action on the Keith Flack node— are of importance. 

Tlie absence of alterations in the pulse rate when saline solution was intro- 
duced into the femoral vein and pulmonaiy artery suggests that in these in- 
stances mixing and wanning of the fluid injected take place in its transit to the 
right heart. 

SU-M-MARY 

In the intact cat and rabbit, the injection of cool physiologic saline .solution 
(22°C.-36°C.) into the external jugular vein results in a bradycardia and con- 
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vci-sely the injection of warm saline solution (43°C.-57°C.) into the external 
jugular vein results in a tachycardia. This effect is not altered by bilateral 
cervical section of the A'agus nerves, nor by the action of the several types of 
anesthetic agents employed. 
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It has been demonstrated by Sutton, Kaeser and Hansard (1) that the 5301- 
thetic estrogenic substance, diethylstilbestrol, causes enhanced urinaiy excre- 
tion of ascorbic acid by rats, animals capable of S3Tithesizing ascorbic acid. 
The possibility that this might be due to alteration of normal renal tubular 
function is suggested by the finding of Thom and Engel (2) that estradiol 
influences the excretion of sodium and potassium chlorides in dogs. According 
to these authors, the immediate effect of parenteral administration of estradiol 
is a decreased excretion of sodium chloride and an increased excretion of potas- 
sium chloride, a fact which suggests decreased tubular reabsorption of the latter. 

The purpose of the present investigation was to determine if the estrogen, 
estradiol benzoate, could increase the urinar^’^ excretion of ascorbic acid in the 
dog, which also s3mthesizes vitamin C. Further, the possibility that such 
increased urinaiy excretion might be due to an altered renal mechanism was 
examined. This could result from a decreased tubular reabsorption of ascorbic 
acid, a threshold substance cleared by the kidne3' b3’’ glomerular filtration and 
tubular reabsorption, the latter being limited b3’’ a maximal rate (Tm) (3). 

It is our experience that the maximal rate of tubular reabsorption (Tm) of 
ascorbic acid in the dog not only lends itself to fairl3' precise measurement, but 
is capable of duplication over a considerable period of time when load levels 
are adequate to effect tubular saturation (see table 1). In this we are in agree- 
ment with Ralli and her associates (3). Accordingl3% it is possible to combine 
daily observations of urinary excretion of ascorbic acid with measurements of 
ascorbic acid Tra, in order to determine whether increased or decreased excretion 
is related to changes in tubular function. 

Method. Four female dogs, ranging in w-eight from 13.5 to 19.0 kgm., were 
used. One of the dogs was castrated. Repeated clearances of three to six 
urine collection periods of ten minutes each were made at various levels of 
plasma ascorbic acid concentration before, during, and, in twm dogs, after injec- 
tion of estradiol. In all cases the control clearances were made within fifty days 
before the injection of the hoiTOone. Usually, the desired plasma levels were 
obtained by constant intravenous infusion, but in some ca.ses subcutaneous 
injections were used. The simultaneous clearance of cieatinine w^as taken as 
an index of glomerular filtration rate. Tubular reabsorption of a.scorbic acid 
(rngm./min.) v.'as calculated as the difference betw'ecn ascorbic acid load (glo- 
meiTilar filtration rate X plasma concentration of ascorbic acid) and its con- 
current rate of excretion (urinary concentration X urine flow in cc./min., or U\ ). 

* Fello'sv in Medic;i) Sciences, National Research Council. 
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These calculations assume that there is no plasma binding of ascorbic acid, which 
assumption is supported by the fact that at high plasma levels the ascorbic acid 


TABLE 1 


Ascorbic acid Tin in the dog before, during, and after treatment tuith estradiol benzoate in a 
representative experiment {dog RG, wt., 18 kgm.) 


DATE 

j 

PERIODS 

j 

PtuVSitA 

ASCORBIC 

ACID 

FILTRATIOK 

RATE 

i 

LOAD j 

1 

1 

UV ^ 

T. 

Caa* 

CCr 

Before 

j 


rttem. 
pfr cent 

cc./tnin. 

1 

fnum./mifK : 

mam./rsln. \ 

msm, 

reahs.permin. 

■i 

12-19-42 


2.45 

1 71.0 


1.158 

0.575 


12-29-42 

4 1 

4.01 

67.0 


2.094 

0.598 



4 

5.37 

78.0 


3.594 

0.646 

WSEM 

1- 6-43 

4 

2.S5 1 

08.0 

1.938 

1.52S 

0.410 

0.786 

1- 8 

4 

3.93 

76.0 

3.000 

2.500 

0.500 

0.856 

1- 9 ! 

4 

2.50 

94.0 

2.350 

1.838 

0.512 

mmm 

1-12 

4 1 

2. .37 

77.0 

1.815 

1.330 

0.485 


1-14 

3 1 

3.40 

70.0 

2.366 

1.738 

0.628 


1-16 

3 ' 

1.5S 

■SI 

1.423 

0.913 

1 0.510 


1-21 

4 


Bl 

3.190 

2.535 

i 0.655 

191 

Average 

77.3 

2.471 

1.919 

0.552 

0.763 



During 


1-23 

1 4 

2.34 

100.0 

2.340 


lill 

Bl 

1-26 

3 

2.78 

103.4 

2.880 




1-30 

3 

2.51 

74.0 

1.860 


0.063 

BBB 

1-30 

4 

2.56 

85.0 

2.155 

2.036 

0.119 

BIH 

2- 2 

4 ! 

4.01 

86.6 

3.465 

1.584 

0.575t 


2- 3 

3 

2.32 

80.0 

1.850 

2.890 ' 

0.266 


2- 6 

4 

1.50 

110.4 

1.657 

1.462 

0.195 

O.SSl 

Average i 

91.3 

2.315 

2.054 

0.261 

0.892 


After 


2-10 

2-13 

2-17 

2-20 

4 

4 

4 

2.03 

1.93 

2.72 

3.33 

i 75.0 i 
81. 0 
87.0 
65.4 

1.520 

1.572 

2.370 

2.171 


0.300 

0.370 

0.460 

0.362 

■ 

Average 

77.1 

1.908 

1.535 

0.373 

0.802 


^Caa 

* - -- , 

CCr 


Ascorbic acid 
Creatinine 


clearance ratio. 


t During estradiol treatment e.xcessively high load levels gave values for Tm approx- 
imating the normal. See discussion. 


clearance approaches the filtration rate (3). It was found that a load/Tm ratio 
of over 2.5 was required to effect complete tubular saturation. Urines were 
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collected by catheter, and the bladder was washed after low mine flows. The 
dogs received 30 to 40 cc./kgm. of water prior to the clearance study to insure 
adequate urine flow. 

Plasmas were precipitated for creatinine determination by the CdSOi method 
of 'Fuiita and Iwatake (4), and the creatinine concentration of the plasma 
filtrate and diluted urines was determined by the method of Folin and Wu (5). 
Ascorbic acid was determined in both plasma and urine by the diehloroindo- 
phenol method of Alindlin and Butler ( 6 )- using a photoelectric colorimeter, 
vdth modifications to correct for turbidity as suggested byBessey ( 7 ). In 
dog F, simultaneous clearances of mannitol and creatinine were made to check 
on the presumption that creatinine accurately measured the filtration rate dur- 
ing estradiol action. Mannitol determinations were done b 3 ’' the method of 
Smith, Fmkelstein and Smith ( 8 ). All anatyses were made in duplicate. 

Three dogs (two normal and one castrate) were kept in metabolism cages for 
the determination of the hourly excretion of ascorbic acid before, during, and 
after treatment vuth estradiol. To minimize deterioration during 24-hour col- 
lections, 5 cc. of concentrated H 2 SO 4 were added to the collection vessels, giving 
a final urine pH of 1.25 to 4.0, depending on the urine volume. Although appre- 
ciable deterioration of ascorbic acid occurs when urines are kept xmder these 
conditions for long periods at room temperature, nevertheless comparison can 
be made between control and experimental collections obtained under the same 
conditions. When ascorbic acid clearances were made during the total urine 
collection period, the latter was interrupted for an interval of 18 to 30 hours 
to allow the plasma level of ascorbic acid to return to normal before collections 
were resumed. Fa.sting plasma determinations of ascorbic acid were regularly 
made about 16 hours after feeding. The diet was kept constant in amount 
during total urine collection periods.’ 

Since alkalinity influences the rate of destruction of ascorbic acid in inine (9), 
it was necessary to determine whether estradiol treatment altered urinaiy pH 
significantly. A Coleman pH meter was used for this purpose. Regular 
hematocrit determinations were made on all dogs. 

After suitable control periods, estradiol benzoate (Progynon-B)^ in sesame 
oil was injected intramuscularly in the daily dosages listed in table 2 . Dog RG 
received a total of 23.4 mgra. in 14 daj's; dog S, 30.0 mgm. in 13 daj's; dog P, 
21.7 mgm. in 13 days. Dog F, in which hourly excretion studies were not made, 
and which does not appear in the table, received 0.123 mgm./kgm. for 11 days 
(total, 18.3 mgm.). 

- Three cubic centimeter aliquots of plasma and urine were added to 17 cc. of 3.0 per cent 
HPOj .as soon as obtained. Protein precipitation was followed by centrifuging and filtering, 
and urines were further diluted with acid before colorimetric analysis. The high dilution 
needed for the urines eliminated the action of other reducing substances and allowed them 
to be analyzed in the same manner as the plasma filtr.atcs. 

5 Djiily rations of 200 to 2-50 grams were given of a mixture of t!ie following proportion.-;: 

100 gr.ams cr.acker meal; 30 grams skim milk; 10 gr.am.s brewers yeast; 4 grams CajflO^h, 

.3 grams of salt mixture (10 parts KnCl, 1 part Pc-citrate, and 4 parts Mg-citrate) ; and .7 cc. 
of cod liver oil. 

* Courtesy of Dr. Max Gilbert, Schering Corp. 
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Results. A. Urinary ascorbic acid excretion. Changes in hourly excretion 
are summarized in table 2. For economj’- of space, the collection intervals have 
been divided into convenient periods of 4 or 5 da 3 ’’s in length, and the values 
given represent the average of all determinations made during these periods. 

B. Ttibular redbsorpHon . Since the tubular reabsorption of ascorbic acid 
increases vdth the glomerular load up to saturation of the tubules, changes in 

TABLE 2 


Effect of estradiol benzoate on ascorbic acid excretion, water balance, fasting plasma 
ascorbic acid, and hematocrit in normal and castrate dogs 
(All values arc averages of determinations done during 4 or .5 day periods) 


NrUBER OF 
DAYS 

IK PERIOD 

ESTRADIOL 

INJECTLD 

DAILY 

1 

ASCORBIC ACID ! 
EXCRETION* ] 

1 

PLASMA ! 

AScoRnre acid i 

URINE TLOW 

WATER INTAKE 

HEMATOCRIT 

Dog S (19 kgm.) 


•TKsm./ijm. 

tr.sn./hr. ] 

mjm. per cent 

1 cc.Ihr. 

1 cc.Ihr. 

per cent 

5 

Control 

3.41 i 

0.48 



35.4 

4 


4.20 , i 

0.50 



35.5 

4 


4.95 

0.32 

70.0 


32.5 

5 

0.171 

5.20 

0.30 

75.0 

119.0 

30.5 

5 


5.91 


74.3 

1 100.0 

26.5 

5 


5. 82 

0.48 

57.0 

100.0 

11.0 

5 


4.70 

0.35 

52.8 

1 

77.0 

16.0 


Dog RG (18 kgm.) 


2 

Control 

4.87 

0.45 

37.0 


35.0 

4 


5.18 ! 

0.31 : 

31.2 


42.0 

5 


8.70 

0.42 

67.4 


37.5 

5 


7.72 

0.32 

79.0 


36.2 

5 

I 

G.61 

0.30 

41.0 


31.2 

5 


4.34 

0.35 

52.2 


28.0 

5 


4.93 

0.33 

36.0 


30.5 


Dog P (castrate) (14 kgm.) 


4 

Control 

4.77 

0.39 ! 

27.7 

43.0 

35.0 

5 

0.075 

3.55 ' 

0.37 

24.8 

39.0 

43.0 

4 

0.087 

4. .37 

0.36 

24.4 

41.2 

44.0 

4 

0.111 

4.59 

0.30 

22.4 

38.0 

39.0 

4 

0.111 

5.67 

0.32 

23.0 

38.0 

35.5 

4 


6.11 

1 

0.40 

27.5 

39.0 

26.7 


reabsorptive capacity resulting from estradiol treatment must be compared 
wth normal values in terms of the load at which reabsorptive activity is nieas- 
m-ed. Accordingly, control and experimental data are presented in figure 1 in 
terms of T/Tm ratios as plotted against load/Tm ratios, where T is the observed 
reabsorptive activity at a paidicular load and Tm is the maximal reabsorptive 
capacity, as independently measured at load values liigh enough to assure 
saturation. The control data on four dogs, expressed as T/Tm in relation to 
load/Tm, have been combined to give a mean curve which is taken as shovnng 
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the normal relationship between load and reabsorptive activity. This rela- 
tionship can be spoken of as the ascorbic acid “titration curve,” in the sense in 
which Smith and his co-workers (10) have spoken of the glucose and diodrast 
“titration curves” iu the human kidney. 

It is apparent that considerable splay is present in this titration curve, as 
compared with the curve to be expected in the case of a substance completely 
reabsorbed by the tubules at all load levels up to tubular saturation. It is also 
apparent that a load/Tm ratio of over 2.5 is required to obtain complete 
saturation. 



Fig. 1. Effect of estradiol benzoate on ascorbic acid reabsorptive capacity, as e.vpressed 
in terms of T/Tm plotted against load/Tm, where T is the observed reabsorptive capacity at 
any particular load, and Tm is the maximal reabsorptive capacity independently measured 
at load values high enough to assure saturation. Open symbols, control; solid symbols, 
during estradiol treatment; serai-solid symbols, recoverj'. Each symbol represents a 
clearance experiment into which are averaged three to six consecutive urine collection 

periods. ^ 

Control data have been combined in a mean ‘ titration” curve which is taken to show the 

normal relationship between load and reabsorptive capacity. This curve was obtained by 
approximation of T/Tm ratios averaged in blocks of load/Tm ratios. The dotted line shows 
the relationship to be expected for a substance completely reabsorbed by the tubules up to 
tubular saturation. 

Because the effects of treatment differed in the various dogs, each is shouB 
separately in figure 1, in reference to the above mean normal curve. Tm values 
during estradiol treatment are summarized in table 3, and in figure 1 it vill be 
seen that in the treated animals reabsorption is reduced at loads which normally 

effect tubular saturation. . 

The decrea.se in tubular reabsorption increa.ses the plasma clearance of a.scoj bic 
acid so that in some cases it approaches the creatinine clearance (fig. 2). Tlie 
increa-sed clearance tends to reduce the fasting pla.sma level of ascorbic acid 
during treatment (table 2). 
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C. Glommdar filiraiion rate. Increases of 13, 18, and 23 per cent in the aver- 
age glomerular filtration rate were noted in dogs F, RG, and S, respectivel 5 ^ 
These changes may have resulted from expansion of the plasma volume, as 
indicated b}*- a greater water intake proportional to urinaiy output early in the 
treatment (see dog S, table 2). 

D. Urine pH. Tlie control pH of the urine of dog F averaged 5.79 (25 obser- 
vations), and in the experimental periods, 5.96 (28 obseiwations). The absence 
of change in the urine pH during treatment indicates that tliis factor is not 
important in influencing the excretion of ascorbic acid in this stud 5 ^ 


TABLE 3 

The effect of (he admimstrnU'on of estrogen on the ascorbic acid rcabsorptive mechanism 

of the kidncij in the dog , 




Tm (mcm./mik.) 



Dop F 

Dog RG 

Dog S 

Dog P (castrate) 

Control 





Range 

0.485-0.671 (4)* 

0.410-0.655 (9) 

0.538-0.645 (6) 

0.533-0.595 (6) 

Average 

During treat- 
ment 

0.600 

0.542 

0.590 

0.671 

Range 

0.159-0.405 (5) 

0.063-0.575 (7) 

0.373-0.623 (10) 

0.110-0.436 (8) 

Average 

0.314 

0.262 

0.488 

0.235 

After treatment 





Range 

Average 

Per cent de- 
crease dur- 
ing treat- 

0.529-0.728 (3) 
0.635 j 

1 

0.300-0.460 (4) 
0.373 

t 

t 

ment 

48.0 

52.0 j 

17.0 

59.0 


* Numbers in parentheses denote the number of clearance observations entering into 
the average Tm. Each clearance observation consisted of from three to six coutinuous 
urine collection periods, 
t Recovery not followed. 
t Dog sacrificed before recovery. 

E. Creatinine and mannitol clearance, "WTiilo estradiol was being given, the 
creatinine/mannitol clearance ratio averaged 1.03 for 16 urine collection periods. 
Thirteen periods ranged from 0.97 to 1.03, but three (all during one series of 
clearance determinations) were unaccountably high, i.e., as high as 1.17. 

F. Blood and vascidar changes. Other workers (11) have reported in detail 
certain changes which we have noted. All dogs showed increased capillary 
fragility and petechial heinorrhages, and the clotting time was noticeably 
increased. Severe anemia resulted in the death of two of our dogs, F and S, 
several weeks after the injections were stopped. 
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G. Kidney histology. Kidnej^s were obtained from dog S Uwaty days after 
the last injection of estradiol, T,\iien she died from anemia. Except for post- 
mortem changes, sections of these kidneys appeared normal. A kidney ^ras 
removed from dog P under anesthesia while receiving a daily injection of 0.111 
mgm./kgm. of estradiol and during a maximal effect on ascorbic acid e.xcretion 
and tubular reabsorption. Sections of this kidney also appeared normal.^ 



PLASMA ASCORBIC ACID MGM SS 

Fig. 2. Effect of estradiol benzoate on the renal plasma clearance of ascorbic acid at 
various plasma levels, as e-\'pressed in terms of ascorbic acid/creatinine clearance ratios. 
Open symbols, control; solid symbols, during estradiol treatment; semi-.solid symbols, 
recovery. Each sjunbol represents a clearance experiment into which are averaged three to 
si.x consecutive urine collection periods. 

The mean normal cur^'e was obtained by approximation of clearance ratios averaged in 
blocks of plasma ascorbic acid concentration. 

Discussiox. The increa.?ed urinaiy e.xcretion of ascorbic acid follou'ing injec- 
tions of estradiol benzoate in the dog appears to be due to a decreased renal 
tubular reab.sorption of this substance. The decreased tubular reabsorption 
increases the renal plasma clearance so that in some cases the latter approaches 
the creatim'ne clearance (fig. 2). Hence depletion of plasma ascorbic acid occurs, 
and this presumably leads to acceleration of a.scorbic acid s.vnthcsis, thereby 
further increasing the rate of excretion through maintenance of the plasma level, 

^ The only significant alteration noted in the kidney of dog P concerned the renal arteri- 
ole.?. which were universally thick and v.dth small lumina. The cells of the media appe.arcd 
large, fairly clear, and sometimes in two layers. The so-called ju.xta-glorncruiar apparatu.s 
was prominent whenever encountered; no granule.? were seen in it.s cell.?. In some area.? 
there wa-s a slight increa.se in interstitial connective tis.sue surrounding a few tubules and 
more rarely the glomerulus. 
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It is interesting to note that considerable ascorbic acid is excreted by the dog 
at low plasma levels, indicating that tubular reabsorption is never complete, 
a phenomenon also evident in man (12). Incomplete tubular reabsorption vdth 
increasing load levels is reflected in the splay in the ascorbic acid titration curve 
(fig. 1). Smith and tossociates (10) report, a slight splay in the glucose titration 
curve of the human kidney, and on the explicit premise that glucose reabsorption 
is complete in each nephron up to the load at which saturation occurs, accept 
tliis splay as reflecting variations in the ratio of fiUraiion rate/ glucose reahsorpiive 
capacity in individual nejihrons. The Epla 5 ’- in the ascorbic acid titration cimm 
maj* thus reflect a disparity in the ratio: filtration rate/ ascorhic acid reahsorptive 
capacity in individual nephrons. On the other hand, such a spla}" may reflect 
an intrinsic characteristic of the reahsorptive activity of the tubule cells vith 
respect to ascorbic acid, wherebj’- the efficiency* with wliich ascorbic acid is 
removed from the tubular urine decreases as its concentration in the urine is 
increased. A choice between these alternatives cannot be made from the present 
e\*idence. 

The fact that the sjilay appears to be so markedly* accentuated by estradiol 
treatment, vdthout any* large change in the total filtration rate, suggests that 
estradiol affects the kinetics of the tubular reahsorptive process rather than 
by’- significantly* altering the ratio of filtration rate/ascorhic acid reahsorptive 
capacity. This inference is supported by* the fact that Tm is unchanged by’- 
treatment, although a greater load/Tm ratio is required to- effect saturation. 
It is further supported by the fact that the changes in the titration cur\’e are 
not accompanied b.v histological changes in the renal tubules, and by* the rapid 
reversibility of the changes in reahsorptive acthnty*. 

The means by* which estradiol alters the tubular mechanism cannot at present 
be answered. One of the most striking changes seen in treated dogs is a marked 
depression of the hematocrit. However, the renal effect in all of our dogs oc- 
curred before the hematocrit had been greatly decreased, and tended to return 
to normal after treatment, when the hematocrit was invariably* low. It there- 
fore does not appear that anemia itself affects the renal mechanism. 

Petechial hemorrhages and tendency to bleed after slight trauma were noted 
in all of the treated dogs. This apparent increase in capillary* fragility may well 
be the result of enhanced ascorbic acid loss from the body*, brought about by 
the altered renal mechanism wliich increases the plasma clearance of this 
substance. 


SUMMARY AND CONCLUSIONS 

1. In the normal dog, tubular reabsorption of ascorbic acid is incomplete at 
plasma levels considerably* below those required to effect complete saturation 
of the tubules. Consequently*, ascorbic acid is excreted in the urine at all 
plasma levels. 

2. By reducing tubular reabsorption, estradiol benzoate increases the clear- 
ance of ascorbic acid. As a result, the rate of excretion is increased while the 
plasma level tends to be reduced. 
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3. During estradiol benzoate treatment, load levels considerably higher than 
those normall}^ needed for tubular saturation produced a maximal rate of reab- 
sorption equivalent to the normal. In the absence of any large change in 
glomerular filtration rate and vith no significant histological changes, this Avas 
taken to mean that estradiol affects the kinetics of ascorbic acid reabsorption, 
rather than by changing the ratio of filtration rate/redbsorptive capacity. 

4. Changes in tubular reabsorption are not attributable to changes in urine 
pH, decreases in hematocrit, or visible tubular damage. 

5. Changes in vater balance and slight increases in glomerular filtration rate 
were observed in normal dogs after estrogenic treatment, but not in one cas- 
trate. However, all showed a comparable alteration of the renal ascorbic acid 
mechanism. 

The authors vTsh to express their thanks to Dr. Irving Graef for examining 
the histological sections, and to Dr. Homer W. Smith for his interest in the 
problem. 
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Witliin the past few j'ears evidence has accumulated which supports the view 
that acetylcholine is the chemical transmitter of neiwous impulses at the neuro- 
musular junction. Tlie theoiy of chemical ti-ansmission has been based thus 
far on the results obtained from the whole muscle with its nerve suppl3\ As 
yet, no systematic study has been made on the intact, innervated, single muscle 
fiber. It appeared desirable, therefore, to attempt this stud.y. 

Methods. Frogs (R. pipiens) were used. Tlie sartorius with its nerve 
suppb’’ was isolated and kept in modified Ringer (NaCl, 0.67 gram; KCl, 0.02 
gram; CaCb, 0.02; gum acacia, 0.01; NaHCOs, 0.02 gram; glucose, 0.02 gram; 
H 2 O, 100 cc.). The nerve-sartorius prepai-ation was then placed in a shallow 
pool of Ringer on a glass plate and the muscle, with its dorsal surface uppermost, 
fixed at both ends. The preparation was transillurainated and Avith the aid of a 
dissecting microscope a single muscle fiber was isolated. The technique used 
was a modification of the method described by Kato (1934). First, laj^ers of 
muscle fibers were carefullj’’ peeled off with a fine iridectomy knife until only two 
or three layem remained. The muscle was then turned over vdth its ventral 
surface uppermost. In this aspect, the coui'ses of the neiwe branches could be 
seen readily. The neiwe was stimulated with induction shocks to determine a 
group of active muscle fibers. All nerAm tA\-igs were then cut except the one 
going to these fibers. The latter AA'ere then teased apart at the upper pelvic end 
of the muscle. Test shocks A\-cre frequentlj' applied to the neiwe so that the 
active fibers could be identified. After one had been chosen, the others Avere cut. 
These fibem Avere next cut aAvay on either side of the entrance of the neiwe tAAug 
to the active fiber. The small remnants of muscle tissue (about 3 to 5 mm.), 
hoAA'eA^er, did not respond to either direct or indirect stimulation. No attempt 
was made to isolate the entire length of the fiber. At the pelvic and tibial ends 
a small number of cut muscle fibers AA'ere left and these helped to fix the actNe 
intact fiber. The remnants at either end also did not respond to stimulation 
since all nerve branches innervating them Avere cut. 

The preparation AA^as next placed in a Petrie dish filled A\dth paraffin in AA'hich 
tAvo small troughs at light angles had been made The muscle fiber was placed 
in one trough and in the other the nerve lay across tAVO small sih’-er electrodes. 
The muscle fiber Avas put under a small amount of tension and both ends fixed. 
The responses of the fiber Avere recorded by the mercury droplet method of Pratt 
and Eisenberger (1919). The fiber AA-as sprayed Avith fine mercury globules 
and the preparation then placed under a microscope. A globule n^as stronglj^ 
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illuminated and a demonstration ocular projected the reflected ray of light from 
the droplet onto a moving film. The muscle fiber could be visualized directly 
through the regular eye-piece of the microscope. 

In some experiments a single muscle fiber from the retrolingual membrane of 
the frog was used. The preparation was made according to the method of Pratt 
and Reid (1930). A nen'^e filament Avas found and traced to a muscle fiber. 
The former AA*as cut proxiraally and all other nen'e filaments that were found 
were severed. In addition, all other muscle fibers in the vicinity of the one that 
Av-as being recorded were also cut. “Unipolar” stimulation was used to activate 
the nerv^'e. One electrode Avas a quartz-coA’^ered platinum wire (about 5/i di- 
ameter) placed on a micromanipulator, and the other, was a large indifferent 
electrode placed in the bath covering the preparation. That the nerv’e Avas 
stimulated and not the muscle fiber AA-as determined by placing the electrode 
close to the muscle fiber and stimulating it Avith the same strength of stimulus 
effecttee for the neiwe. No response was obtained as the threshold for the 
muscle fiber Avas higher than that of the nerve filament. 

The neiwe AA’as stimulated supra-maximally at A'arious frequencies AAuth con- 
denser discharges. The dnigs empIoA'ed Avein acetylcholine chloride (Merck), 
eserine salic 3 date (Sharpe and Dohme), and curare (the crude drug). 

Results. I. Fatigue. It is well known that in stimulating a nerve-muscle 
preparation indirectl}^ with tetanizing currents fatigue occurs first at the 
neuromj'al junction, since the nen’e can still conduct impulses and direct stimu- 
lation of the muscle elicits a contraction. Asmussen (1934) stimulated small 
bundles of muscle fibers indirectlv' and found that, Avith the onset of fatigue, the 
tension curv'e fell in a stepwise manner. That this effect AA’as not due to fatigue 
of the muscle fibers themselves w'as shown by the response obtained to direct 
stimulation. ^Moreover, direct stimulation of a similar small bundle of muscle 
fibers resulted in a tension curA’e Avhich fell smoothly with the onset of fatigue. 
On the basis of these results Asmussen concluded that the step-like fall of tension 
during indirect .stimulation was due to an all-or-none behavior of the end-plate. 
Accordinglv', it appeared desirable to test this conclusion directly with a single 
motor end-plate. 

Figure 1 illustrates the results obtained in a tvT^ical experiment, A single 
muscle fiber was continuous^’- stimulated indirectlj- at the rate of 5 per second. 
There was a progressive decline in the height of contraction (cf. A and B). How’- 
ev'er, the fiber responded to each stimulus for 1 minute IG seconds after the .start 
of stimulation. The fiber then suddenly failed to respond to a stimulus but did 
contract to the next eight stimuli when it again suddenly failed to contract. It 
will be observ'ed from the .subsequent sections of the lecord (C to F) that, at 
first, the failure of the muscle fiber to respond occurred infrequentlv . Tlie 
intei’A’al between responses became progressivelj' longer and after 5 minute.s of 
stimulation a period of 12 seconds or more was noted between tw'o successive 
responses. 

When the fiber first began to fail to respond there was little change in the 
height of contraction, but as this failure became more frequent and more pro- 
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longed there was a progressive increase in the height of response until finallj' it 
approached that obtained at. the start of stimulation (fig. 1 A and F). A stimulus 
well above threshold was used throughout the.se experiments and at no time 
during the ])criod of stimulation did a further increase in strength of stimulus 
have any effect on the responses of the mu.scle fiber. 

Indirect stimulation of a single muscle fiber with frequencies between 100 and 
155 per second producedj initially, a tetanus for 1 to 2 seconds followed b}" a fall 
in tension. There then appeared single resiionses at. irregular intervals which 
became longer as stimulation continued. However, with t hese higher frequencies 
the rc.sponses soon ceased and did not return even though stimulation was con- 
tinued from 1 to 5 minutes longer. Increase of strength of stimulus was also 
without effect.. That the muscle fiber itself was not fatigued was shown by 
eliciting a contraction to a direct stimulus at varying times after the responses 
to indirect stimulation had stopped. 



I \ 


Fig. 1. Fatigue. Mccliaiiical responses of a single muscle fiber stimulated continuously 
via its nerve at the rate of 5 jier sec. beginning of stimulation; B to F : 1, 2, 2.5, 3.5, and 
4.25 minutes later, respcctivelj'. 

Direct stimulation of a single muscle with frequencies between 5 and 10 per 
second did not result in any sudden failure to respond as observed with indirect 
stimulation. The fiber responded to each stimulus and with the onset of fatigue 
there was a continuous decrement in the height of contraction (see Asmussen, 
1934). This smooth decline in tension continued until the fiber was completely 
fatigued at which time there was no furtlier response. With continued stimula- 
tion there was no return of the contraction. Here again increase of the stimulus, 
which Avas initially Avell above the threshold for the fiber, was also without effect. 
In some cases a nerve-muscle fiber preparation was used and the muscle fiber 
directly stimulated until it Avas complctelj’^ fatigued and did not contract. At 
this point the muscle fiber Avas stimulated through its nerve but this also failed 
to produce a response. That the nerve fiber and neuromyal junction Avere intact 
in these experiments Avas shoAAm by alloAving the muscle fiber to recover, after 
AAdiich indirect stimulation i-esulted in contraction. 

The results obtained from stimulating indirectly 2 to 4 muscle fibers confirm 
those obtained by Asmussen (1934). In a typical e.xperiment 2 muscle fibers 
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^^GiG stiniulfltGd inclii cctH’’ flt- the rutG of 4 per second. Tiic genernl cuvvc fol- 
lowed that of figure 1. However, both fibens did not fail to respond at the .same 
time. Instead, one fiber dropped out .suddenly and the height of respon.se was 
about half of the previous contraction involving the two fibers. The fiber would 
then respond intermittently. Soon the other fiber began to fail to contract and 
at this time there appeared intervals during which tlicre was no re.sponsc to some 
of the stimuli. AVhen a contraction did occur it consisted of either one or both 
fibers. 

This step-like effect was even more strikingly brought out bj" stimulating 4 
muscle fibers indirectly. At first all the fibers contracted but with further stimu- 
lation each fiber began to drop out suddenly and then also re.sponded inter- 
mittentl^^ Four .step-like gradations could be observed on the record. At 
times a stimulus failed to produce a re.sponse of any of the 4 fibers while the 
next effective stimulus might result in a response of anj' or all of the muscle 
fibers. The intervals between these contractions were not as long as those .seen 
mth the single muscle fiber as at least one of the fibers would soon respond. 

II. Eserine. IMost workers have been unable to observe any potentiation 
of the muscular response to single nerve volle3’s bj"^ o-serine in amphibia. Thus' 

i mil 

-> - - 

Fig. 2. Eserine. Single muscle fiber stimulated indirectly every 10 sec. A: before 
eserine. B: 5 min. after the addition of 0.3 mgm. eserine to the Ringer solution batliing 
the preparation. 

Kruta (1935) employing eserine, and Cowan (1930) using prostigmine, reported 
negative results. Brovm (1937b) also found that aserine (1 to IOO7) perfused 
through the vessels of the isolated frog’s leg or delit'ered in the circulating blood 
produced no augmentation of the rc.sponse. However, Feng (1937) was able 
to obtain potentiation to single shocks in the isolated neive-sartorius prepara- 
tion and Bodes and Steiman (1939) conhrmed this potentiation effect in- 
jecting eserine into the dorsal h'mph sac. 

In the present experiments it was also found that eserine would potentiate 
the response of a single mu.?cle fiber indirectly stimulated once every 10 seeond.s 
(fig. 2). Doses of eserine which ranged from 0.1 to 0.3 mgm. were added to the 
Tlinger solution bathing the preparation. In all the ijreparations tested (8) 
there was appro.ximateb' a 100 per cent increase in the height of conti action 
(cf. A and B, fig. 2). 

With faster frequencies of stimulation (2 to 10 i)er .see.) aftci e.-e?ine, the ijbe; 
re.sponded to the first few stimuli and then suddenly cea.^^ed to contrafrt aithongh 
stinndation was continued from one to two minutes or more. I‘recjucntl\ , the 
fiber again contracted after if had failed to respond to one or two .stimuli, Oc- 
ca.sionalh' there appeared, 10 to 15 seconds after the ia.sl re.s|)onse, anofhei 
contraction and none after that. 
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III. Acetylcholine and cnrarc. Dale, Fcldbcrg and Vogt (193G) showed that 
acet jdcholinc is released at neuromuscular junctions on stimulation of the motor 
nerve. •Moreover, in normal mammalian muscle, close arterial injections of 
acetylcholine j)roduce a rc.spon.'^e that can he identified a.s a true j)ropagatcd 
contraction by the accompanying outbxirst of action ijotentials (Brown, IDalc 
and Feldbcrg, 193(); Brown, 1937a). ITowcvei-, an excess of acetylcholine will 
paralyze muscles instead of exciting them (Dale, Feldberg and Vogt, 1930; 
Rosenblueth, Lindsley and IMorison, 193(5). This fact, together with other 
experimental result. s, led Bosenblueth and Morison (1937) to postulate a i)aralytic 
level of acetylcholine. On the basis of the all-or-nonc law it should be expected, 
therefore, that as soon as the i)aralytic threshold is reached the single muscle 
fiber should .suddenly cease to contract.. I'liat this is actually the case can be 
seen in figure 3. A .single muscle fiber was indirectly stimulated every 2 seconds 
and gave the characteristic all-or-nonc response. After addition of SOy acetyl- 
choline to the Ringer solution the fiber continued to contract until the diffusion 



Fig. 3. .^cctylcliolinc. Single; fiber slinmialcd iiuliroetly every 2 see. at arrow 30 7 of 
acetylcholine were added to the bathing solution. 



Fig. ‘1. As in figure 3, but records from *1 muscle fibers. At each arrow 15 7 of acetyl- 
choline were added. 

of acetylcholine reached a paral 5 Tic concentration at the end-ijlacc and the 
fiber failed to respond to the next stimulus. A subsequent stimulus again 
elicited a contraction and there was no further I’csponse for 20 seconds. At the 
end of this time the contractions reapj^eared and these were of the same mag- 
nitude as those shown in the record. 

Figure 4 illustrates the behavior of 4 muscle fibers to e.xcess acet 3 dchoIine. A 
paralytic concentration was not reached at the 4 end-plates simultaneously and 
so there occurred a step-like gradation of the response as the individual fibers 
dropped out. In the record there are 4 distinct gradations of the total response, 
indicating further that each muscle fiber dropped out suddenl 3 ^ 

The all-or-none behavior of the motor end-plate is again demonstrated b}'’ 
the action of curare (fig. 5). After the addition of curare the responses con- 
tinued until a concentration sufficient to block transmission was reached when 
the muscle fiber suddenl.y failed to respond. Although stimulation was con- 
tinued for 2 min. or more there was no furthei’ contraction. Direct stimulation, 
however, was effective. 
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Acetylcholine has been sho\TO to have a decurarizing effect on mammalian 
muscle (Briscoe, 1936; Rosenblueth, Lindsle3'- and Morison, 1936). Plodes and 
Steiman (1939) were unable to demonstrate the decurarization effect of acet3d- 
choline in the frog except in a few cases. In the present stud3" the writer also 
was unable, in most instances, to obtain a decurarization 1)3’^ acet3dcholine. 
However, in a few experiments, doses of 15 to 50 7 acet3dcholine added after the 
fiber was cui’arized resulted in one or two contractions after which there were no 
more responses. Attempts to repeat this result by adding more acct3dchoIine to 
the Ringer’s were unsuccessful. It appeared that the optimal condition for 
obtaining the decurarization effect was a degree of curarization where a stimulus 
just failed to produce a re.sponse. The exact dose of acet3dcholine was difficult 
to determine for a given preparation and the stage of curarization where a con- 
traction would result could be easil3’- missed. 

Discussion. The results obtained on single-fiber nerv’^e-muscle preparations 
(figs. 1 to 5) confirm the results and inferences of previous studies on large groups 
of fibers. The process of neuromuscular transmission follows the all-or-none 
law because the first step of muscular activit3' — the propagated disturbance — is 
itself quantal. When repetitive stimulation (fig. 1) or excess acetylcholine 



Fig. 5. Curare. Single muscle fiber .stimul.atcd indirectly every 2 sec. Curare was 
added at the beginning of the record (arrow). 

(figs. 3 and 4) or curare (fig. 5) leads to a failure of transmis.sion this failure is 
sudden in the single fiber. 

The data on fatigue (fig. 1) .support the distinction made in previous studies 
from this laboratory (Ro.senblueth and Lueo, 1939; del Pozo, 1942) between 
tran.smi.s.sion and contraction fatigue. Thus, the decrease of response from A to 
B in figure 1 corre.sponds to contraction fatigue, .since transmis.sion has not failed. 
The increase of contractions from D to F, on the other hand, corresponds to a 
recoi-eiy from fatigue of the contractile .S3'stems, a i-ecoveiy which occurs because 
the progi’essive development of transmission fatigue leads to relatii-ely long rc.st 
intervals between the re.sponses. 

The random appearance of twitches in figure 1 C to F, after transmi.s.sion 
fatigue finst became manifest, sugge.sts ranclom changes in one or more of the 
factors involved in the process of transmission. These random variations have 
also been ob.serv'ed in whole muscle experiments both dining the -Ilh stage 
(fatigue) and during the later 5th stage of rclatiie rccoieiv of tian.smi.s.sion 
(Rosenblueth and Luco, 1939). 

All the phenomena studied have been satisfactorily explained liy the theory of 
neuromuscular transmi.ssion mediated Iw release of acet3'lcholirio at the motor 
nen’e endings. 
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■Transmission fatigue (fig. 1) is due to a decrease of the quanta of acet 3 dchoIine 
per nerve impulse. Potentiation bj' eserine (fig. 2) is due to persistence of 
acetylcholine at the junction, protected by the eserine from the destruction 
promoted bj’ cholinesterase. Block of transmission b}" actylcholine (figs. 3 and 
4) results from excess of the mediator. Block b.y curare (fig. 5) is due to the fact 
that the drug raises the threshold of muscle to acetylcholine. The exijeriraents 
are not cmcial, however, with respect to theories of transmission — i.e., other 
interpretations would cover the data. 

SUMMARY 

In a single muscle fiber indirecth* stimulated at various frequencies trans- 
mission fatigue and contraction fatigue ajipear as independent phenomena 
(fig. 1). 

Tlie neuromuscular junction reacts in an all-or-noue manner to fatigue (fig. 1), 
eserine (fig. 2), acetylcholine (figs. 3 and 4) and cumre (fig. 5). 

I wish to thank Dr. A. Rosenblueth and Dr. H. Davis for their helpful advice 
during the course of this studjL 
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^ Bergman and Dnirj’’ (1938) demonstrated that the presence of functional 
kidneys led to a decrease in the apparent rate of utilization of glucose by the 
eviscerated rabbit. The author (Reinecke, 1942) found that if no sugar were 
given, the non-nephrectomized, eviscerated rat would survive much longer than 
the nephrectomized, eviscerated rat. Since these animals probably die of 
j^ypogiycemia, this finding, too, suggested that the kidney was of importance in 
carbohydrate metabolism. In an effort to elucidate just what the role of the 
kidney may be, the experiments reported here were imdertaken. 

^Methods axd jl4TERLa.ls. Male albino rats obtained from Sprague-Dawley, 
Inc. were used. Tliey were e\dscerated when about 300 grams in weight, and 
were allowed to go without food for about 24 hours before being subjected to 
the operation. Prior to this they w’ere maintained on tap-water and Purina 
“Whelping Fox Chow” or Alber’s “Friskies” given ad libitum. 

Evisceration. Since the operative procedures are of critical importance in 
these experiments, they are described in some detail. In order to obtain the 
best possible collateral circulation for the segment of vena cava that traverses 
the liver, this vessel is tied off just caudal to the liver in a preliminary opera- 
tion performed when the rat is weaned or shortly thereafter. With the animal 
under ether anesthesia, the peritoneal cavity is opened by a ventral midline 
incision starting at the tip of the ensiform process and extending about 1.5 cm. 
caudally. The intestines are pu-shed to the animals’ left and caudally by a 
flat instrument such as a scalpel handle. A thumb forceps with rather wide tips 
is then used as a double bladed retractor to maintain the exposure of the caudal 
portion of the vena cava where it enters the liver. A ligature of size “A” serum 
proof silk is passed through the thin mesentery suspending the liver from the 
dorsal surface of the peritoneal cavity at a point just slightly cranial to the 
entrance of the vena cava into the liver substance. This ligature is then 
used to tie off the vena cava at the level where it enters the liver. The incision in 
the abdominal wall is closed in two layers with size “A” silk. Usually the 
operative mortality is less than 5 per cent. If the ligature is placed in a more 
caudal portion, the right kidney will often be found to be completely atrophic 
at the time of evisceration. Placing the ligature more caudally, furthermore, 

' This study w.as aided by a grant from the ConmiiUce on Scientific Research of the 
-American Medical Association. 

» Tlie author n-ishes to express his appreciation for the encouragement and fyJvice given 
to liim by Dr. L. T. Samuels of the Division of Physiological Chemistry of the University of 
Minnesota. 
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tends to cause more bleeding wtli the consequent formation of troublesome ad- 
hesions. Tlie formation of adhesions is also favored bj' the use of heavier silk 
or by excessive handling of the intestines such as wo\ild occur if they were tem- 
porarily removed from the abdominal cavity. Sterile procedure is unnecessaiy, 
but sulfonamides may be used with advantage in closing the abdominal wall. 
Hiey should not, however, be placed in the peritoneal caAity for they tend to 
cause adhesions. 

The evisceration proper is performed under ether anesthesia. The abdomen 
is opened along the midline ventrall 3 ’' from the base of the ensiform process to 
the level of the prevesical space. Tlie intestine is retracted to the animal’s 
right and the coeliac and superior mesenteric arteries are exposed to their origins 
from the aorta hy blunt dissection and arc tied vnih a single ligature. (In 
about 5 per cent of the animals these arteries are found to arise as a common 
trunk.) The esophagus is then connected to the rectum hy a 3-5 cm. length of 
no. 8 French rubber catheter that has been fitted vdth a glass cannula at either 
end. This procedure improves the viability of the preparation by preventing the 
overfloAv of mucus into the pharjmx and its consequent intei'ference Avith respira- 
tion. The cannulae are tied into place in such a manner as to prcA’^ent bleeding 
from the esophageal and colonic stumps. The caudal cannula is introduced into 
the descending colon through a rent made opposite the mesenteric attachment. 
It is advanced caudally until it is at the leA'el at AA'hich the inferior mesenteric 
arteiy turns cranially to run alongside the colon. It is then tied in place AAith a 
ligature that also includes all of the vessels that' lie parallel to the colon. The 
cranial cannula is introduced into the esophagus via a rent made in the stomach 
near the cardia. It is tied in place Avith a ligature that serves in addition to 
occlude the vessels found in the esophageal Avail. At this stage in the operation, 
since its blood supply has been completelj' cut off, the section of the gastro- 
intestinal tract inteiwening betAveen the cannulae is removed along Arith the 
spleen and pancreas by severing the mesenteric attachments to the dorsal Avail 
of the abdominal cavity and to the Ihmr. 

The next step is the remoA^al of the liver. The mesentery attaching the liver 
to the dorsal abdominal Avail is divided by blunt dissection and then a ligature is 
tied over the original ligature on the A'ena cava in such a Avaj’^ as to include the 
small adhesions that form after the preliminary operation and Avhich tend to 
bleed slightly if not tied off. The falciform and triangular ligaments and the 
portion of the lesser omentum betAveen the esophagus and Ih-er are divided and a 
ligature is placed on the A'^ena caA^a just cranial to the point at AA’^hich it leaA'es 
the liver. The liver along with the portion of vena cava intervening betAA^een 
these ligatures is then remoA^ed. A button of Ih’^er Aveighing about 50 mgm. must 
be left on the cranial stump of the A^ena caA^a to prevent the movements of the 
diaphragm from slipping the ligature off the stump of the A^ena cava. It is 
extremely unlikely that this bit of liver exerts any influence on the fate of the 
preparation for not onty is it small but also it is separated from the circulating 
blood by a ligature. 

If the kidneys are to be remoA'^ed, a noose of silk is slipped oA^er each and tied 
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tightly around the vessels. The kidnej'S can then be dissected away with a 
minimal loss of blood. Care is taken to leave the adrenal glands as intact as 
possible. If on the other hand the adrenals are to be removed, the3^ are similarty 
tied off and removed along "with their enveloping adipose tissue. 

The operative procedures are completed bj’- closing the abdominal wall in a 
single layer. Size “C” serum proof silk is a convenient size and type of material 
to use for ligatures and suture material throughout. With practice the opera- 
tion should be performed in 15 to 25 minutes. 

Analytical ‘procedures. The blood sugar determinations unless' otherwise speci- 
fied were carried out by a micro ferricjmnide method using the filtrate from 
0.02 cc. of blood from which the proteins were precipitated bj' tungstic acid 
(Reinecke, 194;2b). T^fiien micro fermentation is to be used in conjunction 
with this method to determine the fermentable reducing substance in blood, 
0.05 cc. of blood is measured into the 5 cc. of the dilute tungstic acid reagent 
rather than the 0.02 cc. used otherwise. Two cubic centimeters of the filtrate 
obtained is diluted with 3 cc. of distilled water. The blood sugar determina- 
tion is then carried out on this diluted, unfermented filtrate in the usual w’ay. 
The conventional blood sugar value thus obtained represents the sum of the fer- 
mentable and non-fermentable reducing substances in the blood that are not 
removed by the treatment with the tungstic acid reagent. 

The remainder of the undiluted filtrate from the 0.05 cc. sample of blood is 
fermented with baker’s j'east to give the glucose equivalent of the non-ferment- 
able reducing .substance. Tleischmann’s 3’east of the t3"pe sold in 1 lb. bricks 
is washed thoroughl3^ with w'ater. One part of yeast is su.spended in four 
I)aits of water b3’' vigorous stirring. Tlie yeast is then centrifuged dowm and 
the water decanted. Tliis is repeated fen times. The yeast is then made 
up in a 20 per cent suspension with distilled water and is used within an hour 
or tw'o. The suspension is measured in 0.5 cc. portions into 11 x 60 mm. 
culture tubes which are then centrifuged at high speed. The supernatant 
water is removed with a fine glass capillar!' attached to a .suction pump. Tlie 
remaining filtrate, wiiich amounts to about 2.5 cc., is poured onto the 3'east. 
The 3'east is resuspended by vigorous shaking. A square of "‘Parafilm” held 
in place with the finger tip may be used to close the open end of the tube. The 
yeast is then incubated with tlie filtrate for about 45 minutes in a water-bath 
held at 30°C. The tubes are .shaken to resuspend the yeast about twice during 
this period. Tlien the yeast is again centrifuged dowm at high .speed. Tw'o 
cubic centimeters of the supernatant fluid are carefully removed with a pipet 
and diluted with 3 cc. of distilled water. The gluco.se equivalent of the non- 
fermentable reducing .substance is then determined in this diluted, fermented 
filtrate. Tliis value is corrected for the amount of reducing substance con- 
tributed by the 3-east itself by subtracting the value obtained from a blank made 
up in a comparable manner from distilled water that had been incubated with 
a portion of the 3'east concurrentlv' with the filtrate. This blank u.sualb gi^es 
a value equivalent to less than 10 mgm. per cent of glucose in the original blood. 
The difference between this corrected glucose equivalent of the non-fennentable 
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reducing substance and the conventional blood sugar value is taken as the 
glucose equivalent of the fermentable reducing substance in the blood. Under 
tlie circumstances of the experiment it is probable that this rvas largely glucose. 
As an additional check on the procedure, it has been our custom to ferment 
solutions containing glucose hi excess of that to be found in the filtrates, concur- 
rently vdth the filtrates. No significant amounts of sugar have remained in 
these solutions. 

Results. The influence of blood loss ayid the odmrnistraiion of fluid on the 
blood- sugar levels and survival of the non-nephrcctomizcd, eviscerated rat. In as 



Hours after Ligation of Coeliac and Mesen feric 

Arteries 

Fig. 1. The influence of blood loss and the administration of fluid on the blood sugar levels 
and survival of the non-ncphrcclomizcd, eviscerated rat. The finimals given physiological 
saline received 2 cc. subcutaneously and 1 cc. intravenously (via the venous spaces of the 
penis) per 100 grams of body weight. The solution was given immcdi.ately after the comple- 
tion of the operative procedures. The number shown near the final plotted value for each 
animal represents the approximate blood loss in grams. Tr. indicates th.at only traces of 
blood were lost. All the animals were eviscerated within a period of five hours. 

much as Bergman and Draiy had found that only the kidneys that were actively 
secreting urine were effective in reducing the apparent glucose consumption of 
the eviscerated rabbit, this experiment was planned to determme if the adminis- 
tration of physiological salt solution immediately after the evisceration would 
act as a diuretic and perchance improve the viability of the preparation. Quite 
accidentally during and after the eviscerations, several of the animals suffered 
an appreciable loss of blood. This was estimated by weighing the bits of cotton 
used to sponge up the shed blood. The results as presented in figure 1 indicate 
that loss of a few cubic centimeters of blood markedly reduces the survival of 
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this preparation and that, surprisingly enough, it seems that the cause of death 
is hj-poglycemia. This is suggested not only by the low sugar levels found at 
death but also by the fact that all of the animals dying before seven hours 
after evisceration exhibited conA'ulsions. This type of con\’nIsion in the pre- 
vious experience of the author has ahvays been relieved by the injection of 
glucose. 

The concentration of sugar in the blood at first decreased and then remained 
nearly constant in those animals that sur\'ived for ten or more hours. Unfor- 
timately it was impossible to obsen'e all of the animals continuously until they 
died, but two were alive 21 hours after they had been e\uscerated. At this 
time their blood sugar levels were still within the range at which they had 
stabilized a few hours after evisceration. 

All of the animals that survived be3'ond ten hours passed urine on one or 
more occasions after evisceration. The shorter lived animals did not void and 
had little or no urine in their bladders at death. The significance of this, how- 
ever, is difficult to evaluate for, while this decrease in urine formation may have 
been due to impaired kidnej'" function, yet it maj’^ have been due to the fact 
that these shorter li%'ed animals just did not live long enough to secrete much 
urine. 

The influence of fluid administration, for the determination of which the 
e.xperiment was originallj' designed, seems to have been rather minor. Only 
one of the animals that had been given no fluid and had suffered only minimal 
blood loss showed the e.xpected shorter surv'ival period. 

The effect of nephrectomy on the survival and blood sugar levels of the eviscerated 
rat. The results of a comparison of the non-nephrectomized eviscerated, with 
the nephrectomized eviscerated, rat are shown in figure 2. It was found that 
the blood sugar levels of the nephrectomized animals fell precipitously until 
the animals expired. In the case of the non-nephrectomized animals, however, 
the blood sugar levels fell to some low value that was still compatible with life 
and then stabilized there for many hours before the animals eventuallj' died. 
The apparent blood sugar levels of the non-nephrectomized animals were higher 
at death than those of the nephrectomized animals. It must be recalled, 
however, that the method used for determining the blood sugar includes some 
non-fermentable reducing substances. The fact that animals in both groups 
exhibited convulsions before death strongly suggests that they died of hypo- 
gbmemia in both cases. 

The role of the adrenal in maintaining the blood sugar in the eviscerated rat. 
Because nephrectomy is very likely to interfere with the normal function of the 
adrenal gland and because of the known importance of this gland in carbo- 
hydrate metabolism, adrenalectomized, eviscerated rats were compared with 
similar non-adrenalectornized animals. The results shown in figure 3A seem to 
indicate that the adrenal Is not of major, immediate importance in maintaining 
the blood .sugar concentration in the blood of the eviscerated rat. It is true that 
the adrenalectomized animals showed a greater decrease in blood .sugar than did 
comparable non-adrenalectomized animals, but while it is po.^.sible that this 
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may be a specific effect, j^et it is also likely that it may be incidental to some 
impairment of renal circulation due to the manipulations perfoimed in adrenal- 
ectomy. Tlie material presented in figure 3B is taken from the unpublished 
data of Reinecke and Kendall. It sho\Ys that the injection of adrenal cortical 
extract is without major acute effect on the blood sugar of the eviscerated rat. 
This result was also obtaine by Selye and Dosne (1940), but the characteristics 
of the prei)aration used by these investigators were so different that it is doubtful 
if their data are comparable. 

The effect of the Jddney on the concentration of sugar in the blood flowing through 
it. Tlie influence of a functioning kidney on the concentration of sugar in the 



Hours after Ligation of Coe Hac and MesenfeNc 

Arteries 

Fig. 2. The effect of nephrectomy on the svrviiml and blood sugar level of the eviscerated rat. 
All animals were given 2 cc. of physiological saline per 100 grams of body weight at the time 
of evisceration. This was administered subcutaneously. All the eviscerations were com- 
pleted within 7 hours. 

blood of the eviscerated rat might possibly be explained in three ways: 1, the 
kidney itself may act as a source of blood sugar; 2, the presence of the kidney 
may allow other tissues to act as a source of blood sugar; 3, the presence of the 
kidney may lead to the utilization of glucose at a slower rate than occurs in its 
absence. The application of Occam’s “Razor” suggests the first possibility. 
(Bergman and Drury, however, postulated the third alternative because they 
found that tying off the ureters without interfering with the blood vessels of 
the kidneys led to an apparent increase in the rate at which glucose was utilized. 
From this they argued that the kidneys were excreting some substance which 
stimulated glucose utilization.) A study of the sugar concentrations in the blood 
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of the aorta and renal vein of the eviscerated rat was therefore undertaken to 
determine wiiether or not the fii-st possibility might afford an explanation. The 
results are shovui in figure 4. The concentration of sugar-like reducing substance 
was consistently found to be higher in the renal vein blood and lower in the vena 
caval blood (with one exception that may be experimental error) than in the 
aortic blood. That these differences are due to actual differences in the amount 
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Fig. 3. The role of the adrenal in maintaining the blood sugar in the eviscerated rat. (.\) 
All animals were given 2 cc, of physiological saline per 100 grams of bodj* weight at the time 
of cvi.sceration. This was administered subcutaneously. All the operative procedures 
were completed within a period of 5 hours. (B) These animals were slightlj' over 200 grams 
in weight at the time of evisceration. All were given 1 cc. of plwsiological saline per 100 
grams of bodj" weight and a dose of phenolsulfonphthalein intravenously shortly after evis- 
ceration; 5 cc. of an aqueou-S solution containing the extract of 75 grams of adrenal gland 
per cc. wa.s administered subcutaneously immediately after the intravenous injection to the 
indicated animals. The others were gix'en a corresponding amount of physiological saline 
in a similar fashion. The method.s used were comparable in general to those de.scribed in 
this paper. 

* These data are taken from .some unpublished studies of R. M. Reinecke and E. C. 
Kend.all of the Mayo Clinic, Rochester, Minnesota. 


of gIuco=e present, at least vrith respect to the renal vein and aortic Ijlood, is 
strongly suggested by the fact that they were also apparent when the ferment- 
able reducing substance tvas determined. 

An incidental finding was that the concentration of reducing substance in the 
renal vein blood tends to increase in con.secutive samples taken at short intervals. 
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Fig.'4. The effect of the kidney on the eonccnlralion of sugar in the blood floiomg through it. 
All animals were given 2 ce. of pliysiological saline i)Dr 300 grams of body weight subciita- 
ncovisly at the time of evisceration. The arterial and venous samples were taken with the 
animals under amyt.al anesthesia (9 ingm.per 100 grams body weight were given subcutnne- 
0 USI 3 O. (A-F) Large samples, 0.5-1 .0 cc., were drawn simultaneously from the vessels indi- 
cated. (G-Iv) Small samples were oljtnincd bj’ puncturing the indicated vessel with a no. 27 
hj’podcrmic needle and collecting the blood in a capillarj’ pipet from the small pool that 
formed. S.amplcs were taken consecutivclj' in the order shown bj'' the bars from left to right. 
(L-P) Small samples, 0.10-0.15 cc. were drawn simultaneously with 0.25 cc. hypodermic 
syringes. 

The heights of the entire bars rci)rcscnt the glucose equivalent of the reducing substances 
in the tungstic acid filtrate of the blood samples as determined bj' the micro blood sugar 
method referred to. Solidlj' shaded portions correspond to the v.alues obtained with the 
methods described by Somogyi (1930, 1937). The cross-hatched portions represent fer- 
mentable reducing substance determined in the manner described in this article. The 
solid-line curves represent glucose equivalents obtained in the same way as those repre- 
sented by the heights of the entire bars. The broken-line curves like the cross-hatched 
portions of the bars represent fermentable reducing substance. The samjdes represented 
by the bars were taken within a few minutes after the last samples represented in the 
curves. The lack of shading or cross-hatching in the majority of the bars indicates that the 
corresponding determinations were not made in these instances. 

The arteriovenous differences of the glucose equivalents of the fermentable reducing 
substance for L, M, N, and P were respectively 11, 9, 13, and 6 mgm. per cent. 

The three groups, A-F G-K, and L-P were studied separately on three different daj's. 
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Discussiok". The increase in the concentration of sugar or sugar-like mate- 
rial in the renal vein blood over that found in the aorta is too large in most 
instances to be explained by the slight concentration of the blood due to the 
excretion of water by the kidney. Since the carboh5fdrate reserves of the 
kidney are small, it would therefore seem that there must be carbohydrate 
formation in this organ. 

The increasing concentration of reducing substances in consecutive samples 
taken from the renal vein may reflect an increased mobilization of sugar by the 
kidne3’- under the influence of the nenmus stimulation occasioned bj" piercing 
the renal vein. 

The addition of fermentable reducing substance to the blood by the kidney 
affords a read5’' explanation for the fact that non-nephiectomized, eviscerated 
rats were able to maintain a concentration of sugar in their blood that is com- 
patible with life while comparable nephrectomized animals quickly' succumb 
to h3^pogl3^cemia. In the light of the other findings it seems probable that the 
reason for the earl3'' deaths of the non-nephrectomized animals that have suf- 
fered blood loss lies in a failure of their kidneys to supply sugar to the blood 
stream. 

The previous work of other investigators offers some support for the concept 
that the kidney is a source of blood sugar. This of course is one of the possible 
inteipretations of the findings of Bergman and Druiy which has already been 
mentioned. Goda (1938) and Stewart and Thompson (1941) showed that the 
kidne3’' could convert fructose to glucose; this, however, is a substrate that is 
not likely to be present in significant quantities in the present instance. Russell 
and IVilhelmi (1941), however, have shown that the addition of some of the 
amino acids could increase the formation of gh'cogen in the kidne3' slice. The 
amino acids probabl3’' are available in the preparation used in these experiments 
and are one of the probable sources from which the kidne3' forms glucose. 

It is of interest to note that Hims worth (1938) and Himsworth and McNair 
Scott (1938) obtained some evidence that there are e.xtra-hepatic sources of 
blood sugar in the hepatectomized rabbit. The results of the experiments just 
described would of course suggest that the source of blood sugar may have been 
the kidne3"s. 


StrSDIART 

In the presence of the kidne3's the concentration of sugar in the blood of the 
e\d.scerated rat at first falls but then remains at a nearly constant value for a 
period of man3’' hours. 

Loss of blood causes the prompt development of hypoglycemia in the non- 
nephrectomized, eviscerated rat. 

The concentration of sugar in the blood of the nephrectomized, eviscerated 

rat falls precipitousl3' until the animal dies. 

Adrenalectomy or the administration of adrenal cortical hormones is without 
major, acute effect in the non-nephrectomized, evLcerated rat. 

During the period in which the eviscerated rat is able to maintain the con- 
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centration of sugar in its blood at a nearl}' constant value, fermentable reducing 
substance is added to the blood as it flows through the kidne3"S. 
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Studies of the effects of implanting pedicle grafts of jejunum into the wall 
of the stomach have revealed that the nonnal responses to such secretory stimu- 
lants as histamine and alcohol of increased acidity of the gastric juice and 
lowered pH of the gastric mucosa may be reversed or markedlj’’ diminished 
(1-4). When portions of duodenum, jejunum, ileum or colon are used for such 
implants the factor causing this alteration of gastric secretion is seen to be con- 
fined to the duodenum and jejunum, the latter source possessing somewhat 
greater activity (3). Further studies have indicated that while a gastro- 
enterostomy almost uniformly fails to produce this effect, it appears promptly 
after the bowel about the stoma is converted to a pedicle graft. 

These findings have led us to postulate the presence in the lumen of the 
jejunum, and perhaps to a lesser extent in the duodenum, of a substance which, 
when introduced into the stomach, exerts a definite effect on the response of the 
acid secreting mechanism to cei'tain secretogogues — notabty histamine. The 
present report deals ^\dth the results of further efforts to demonstrate the pres- 
ence of such a sub.stance in isolated loops of jejunum. 

Methods. Healthy mongrel dogs (donors nos. G-10, table 2) were operated 
upon and a segment of jejunum isolated as for a pedicle graft, but instead of its 
being opened and implanted in the wall of the stomach, one end of the segment 
was inverted under mattress sutures and the other end brought out through a 
stab nT)und at one side of the laparotomy incision. In three animals the segment 
was approximately 6 cm. in length, while in two it measured 12 to 15 cm. The 
continuity of the intestinal tract was re-established by end-to-end anastomosis. 

After at least two weeks had elapsed to allow for healing, these loops Avere 
washed out tAvo or three times A\'ith 25 cc. of normal saline and the washings 
collected. . 

To study the effects of such Avashings on gastric secretion the folloAving technic 

1 This work was carried out under a grant from the John and Mary R. Markle Foundation. 
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was employed. .Five normal dogs (recipients nos.1-5, table 2) which had had 
at least one pre\dous gastric analysis and had been trained to tolerate a smaU 
stomach tube were used as subjects, ha\nng been without food for 24 hours. 
After collecting the normal fastmg secretion during a period of 10 minutes, the 
entire 25 cc. of jejunal washings was instilled into the stomach and allowed to 
remain for 10 minutes when it was removed, together with the gastric secretion 
during this period. At this point the dog received the usual 1 mgm. of histamine 

TABLE 1 


Ejfect of washings of isolated jejunal loops on gastric secretion 

Control series 

Gastric analyses following histamine in normal animals 


PXaPITKT KO. 

TASTING SPECIMEN 

e-30 lltSVTES 

10-20 ir^TTrES 

Vol. 

Free 

acid 

Total 

acid 


{ Free 
j arid 

Total 

acid 

Vol. 

Free 

acid 

Total 

acid 


CC, 



cc. 



CC. 



1. X 

11 

18 

34 

13 

34 

44 

13 

94 

106 

s 

16 

66 

82 

3.5 

35 

45 

19 

56 

72 

2. N 

11 

22 


14 

46 

80 

1.5 6 

7fi 

104 

S 

9 

28 

52 

31 

68 

84 

23 

86 

96 

3. X 

11 

26 

42 

6 

22 

42 

14 

64 

80 

S 

1 5 

22 

60 

19 

22 

44 

26 

58 

84 

4. X 

14 

0 

22 


12 

36 

12 

oG 

74 

S 

11 

0 

4 

7 

20 

30 

11 

38 

GO 

5. X 

13 

0 

18 

7 

10 

40 

13 

38 

50 

S 1 


0 

15 

8 

26 

42 

8 

aa 

9 

.Averages | 

11. oj 



11.5 

1 

29.5 1 

48.7 

15.5 

Gl.si 

I 

B 


The following figures are derived from averages of animals 


mgm. HCl 

15.91 

26.66 

42.19 

mgm. HCI/cc ! 

1.3S 

2.32 

2.72 

Parietal secretion...! 
Xonparietal | 

2.65 ! 

4.44 

7.03 

secretion '■ 

S.S5 

1 7.06 

8.47 


X = normal; S = saline. 


phosphate intramuscularly and further specimens representing the secretory 
response o^'er 10 minute periods were collected. 

Two of the animals, nos. 2 and 3, received the wa.shings from all five donor 
animals at different times, while the other three were used to test the material 
from one or more loops. In all, IG tests were made in the five recipient animals. 
The jejunal washings were found to be of pH G.l to G.5 and to contain inacti- 
cally no titratable buffer. Tims, the pH was altered by 3 points wlicn one 
drop of X /lO HCl or X/10 NaOH wa.s added to 5 cc. of the washings. 

As further controls, each of the five dogs used as recipients in the experiments 
were subjected to gastric analyses exactly comparable to tho.^e used to test the 
jejunal washings, except that saline alone was instilled. 
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Results. Effect on acidity of gastric juice. AYliile the specimen removed 
at the end of the 10 minute period during which the jejunal washings remained 
in the stomach always showed a marked reduction in the acidity, it seemed 
possible that the factor of dilution with an indetemiinato portion of the 25 cc. 


TABLE 2 


Effect of washi7igs of isolated jejunal loops oti gastric secretion 
Experimental scries 


GASTRIC ASALYSrS 


TIMT AFTER HISTAJIIKE 


Animal 

FaslinR specimen 

0-10 minutes 

10-20 minutes 

Recipient 

no. 

Donor no. 

Vol. 

i Free 
acid 

1 Total 1 

[ acid 

Vol. 



\’ol. 

Free 

acid 

1 Total 
j acid 

1 

G' 

cc. 

i 5 

20 

1 

50 

CC. 

7 

12 

22 

CC. 

S 

92 

no 


7 

15 

50 

66 

3 

10 

20 

IS 

36 

56 

2 

G 

G 

oG 

68 

5 

10 

20 

7 

38 

56 


8 

9 

30 

58 

24 

5 

16 

16 

10 

26 


7 

2 

0 

10 

5 

8 i 

28 

21 i 

52 1 

66 


• 9 ! 

IG ! 

70 

88 

24 

14 ! 

30 

33 

66 

88 


10 ! 

8 i 

54 

72 

14 

12 

26 

19 

48 

74 

1 

3 

8 i 

i 

32 1 

32 

54 

40 

8 

28 

18 

24 

52 


7 i 

33 

20 

44 i 

5.5 

0 

20 

14 

30 

54 



13 

50 


8 

6 

22 

26 

42 

62 


9 

6 

16 

40 

7 

4 

34 

12 

[ 22 

i 54 


6 

S 

48 

SO 

17 

6 

28 

10 

10 

1 

36 

4 

7 

5 

0 

4 

7 

0 

8 

10 

i 

1 U 

70 


6 

11 

0 

44 

4 

0 

10 

14 

20 

10 

5 

6 

4 

0 

5 

4 

i 0 

7 

7 

38 

58 


7 

7 

5 

25 

11 

10 

30 

13 

30 

60 

Averages 

1 

11.2 

28.1 

1 

48.6 

11.6 

6.5 

21.8 

15.3 




The following figures are derived from averages of above animals 


mgm. HCl 

19.86 1 

9.23 

29.32 

mgm. HCl/cc 

1.77 

0.79 

1.92 

Parietal secretion... 
Nonparietal ! 

. 3.31 

1.54 

4.89 

secretion 

7.89 

10.06 

10.41 


of material instilled might have influenced the result, and for comparison with 
the control series this specimen was therefore discarded. 

The comparative results in the experimental and control series appear in the 
accompan 3 dng table. From these figures it is apparent that while the injection 
of 1 mgm. of histamine phosphate is followed by a considerable rise in both 
the free and total acidities in the control series, there is a definite fall in both 
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of these values when the injection follows the instillation into the stomach 
of washings of isolated jejunal loops. By the end of 20 minutes the effect of the 
instillation has Avom off to some extent. 

The changes noted in the free and total acidities are reflected in the amounts 
of HCl secreted and in the milligrams of acid per cubic centimeter of gastric 
juice, the concentration being affected to a greater extent than the volume. 
It is interesting therefore to calculate the secretion of the parietal cells according 
to the method used by Gray, Bradley and Ivy (5). This is based on the state- 
ments of Lui, Yuan and Lim (6) and of Hollander (7) that the secretion of the 
oxyntic cells contains approximately 6 mgm. of HCl per cubic centimeter. Thus, 
by dividing the total milligrams of acid secreted by 6, one obtains a figure repre- 
senting the volume of “parietal secretion” and by subtracting this from the total 
volume, an index of the mucous and pyloric or the diluting secretion. YTiile 
these figures cannot be considered as more than estimates, they do provide a 
rough gauge of the activity of these cells. 

Reference to these figures suggests that the depression in the acidity of the 
gastric juice is the result of a corresponding diminution in the activity of the 
oxjmtic cells. 

The depression of the normal reaction of the gastric analj'^sis to histamine in 
the experimental series onlj’- lends support to the idea that this is due to a specific 
factor which can be obtained by washing out the lumen of the isolated jejunum 
with normal saline. 


STOOIARY 

Tiffien 2o cc. of saline washings of isolated jejunal loops are instilled into 
the stomach of normal dogs and withdrawn after 10 minutes there follows a 
marked depression in the normal response of the gastric acidity to histamine 
which is maintained for at least 20 minutes, suggesting a substance 'snthin the 
jejunal lumen which is re.sponsible for the effect. 
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Althougli the effect of anoxia on the electroencephalogram (EEC) of the 
human is well established (Davis) no observations seem to have been reported 
in which in iinanesthetized animals the effect of anoxia over a wide range of 
oxygen tensions has been investigated. Such a studj’’ appears to be desirable 
as a means of determining the relation between the severit}’- of anoxia, the type 
of cortical potential and the general behavior of the animal. In the present 
study several modifjdng factors have also been investigated such as the role of 
the rate of ascent as well as drugs and dietary factors. 

Methods. The experiments were performed on more than 100 rats in which 
the EEC and, in some experiments, the pulse rates were recorded \vith an Offner 
ink ciystograph. The rats were placed in glass jars of 1 gallon capacity and the 
barometric pressure was lowered according to table 1 bj’- means of a Cenco 
vacuum pump. For further details compare Kessler and Gellhom. 

Results. I. The effect of “moderate” anoxia on the EEG. Three series of 
experiments (cf. A., B., E. in table 1) were performed in which the effect of lower- 
ing the barometric pressure to 190 mm. Hg was studied on the EEG. Figures 1 
and 2 illustrate the typical results obtained under these conditions on 38 rats. 
Figure 1 shows that shortlj^ after the level of 190 mm. Hg has been reached the 
electrical potentials disappear almost completely. At this time the animal ap- 
pears to be unconscious, does not react to any stimuli and is unable to right itself. 
This latter observation seems to indicate not only that cortical activity is prac- 
tically eliminated as seen by the EEG record but also that the functions of the 
pons are like^vise greatty depressed. This period of temporary silence occurs, as 
table 2 indicates, in 76 per cent of all experiments. In spite of the fact that the 
rat remains exposed to this lowered oxygen tension, there is a gradual resumption 
of electrical activity as illustrated in figure 1. Alpha potentials reappear and 
later periods of very large potentials of a frequency of 8 to 10 per second are 
observed. These spindles show an amplitude of 100 juv or more and continue 
to be present at this barometric pressure until the end of the experiment (30 min.) . 
Although spindles occur in practically all experiments of this type, their onset 
is somewhat variable. They appear earlier in those cases in which the sudden 
lowering of the barometric pressure does not lead to a period of complete cortical 
silence. 

Figure 2 shows a record which is representative of a minority of experiments 
performed under the same conditions. In these cases no period of complete 

1 Aided by a grant from the Josiah Mac 3 ’-, Jr. Foundation. 
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cortical silence is obsen^ed but instead large delta T\-aves appear. They decrease 
gradually in amplitude and then records are obtained in which spindles of a 
frequency of 8 to 10 alternate nitli small potentials similar to those seen at 
normal ox 5 'gen tension (fig. 2). Both tj^es of observations have in common the 
fact that the rapid ascent leads at first to a more severe depression of cortical 
activity than is obsen^ed later after some adjustment reactions have taken place. 
I^Tien rapid, small potentials alternate with spindles, the rats are still markedly 
depressed but the righting reflex has been restored. 

T.\BLE 1 


Procedure of decreasing barometric pressure 


TIME 

PEESSITEE 


.4. 

1 B 

c 

D 

1 ^ 

minutes 

mm. Hg 

j mm. Hg 

wrt.Hg 


1 mm. Hg 

1 

580 

1 580 

580 

1 580 

1 580 

2 

480 

I 480 

480 

480 

1 550 

3 

380 

380 

380 

380 

1 500 

4 

280 

280 

i 280 

280 

1 450 

o 1 

190 

190 

190 

190 

1 400 

6 





350 

&-10 




190 


6-15 


190 




6-36 

190 


190 



7-10 

i 




300 

11-15 

1 



i 

280 

11-16 




160 

1 

16-20 





1 260 

16-46 


1 160 




17-22 




140 


21-25 





240 

23-28 




120 


26-30 





220 

20-39 




110 


31-60 


1 

i 



190 

37-67 


i 

140 




In order to determine the cause of the disappearance of the silent period or of 
the period of large delta waves which occur early during the ano.xia, blood pres- 
^ixve records would be of greatest importance. Tjnfortunatel^ , such records could 
not be obtained for the present set of experiments but the pulse rate was recorded 
(table 2). The records .showed that the pulse rate was regular at that time and 
not essentially different from that of the control values obtained at 750 rnm. Hg 
or from the rate obsen’cd after recover 3 'from the silent period had been achieved. 

In spite of it, it appears to us rather probable, unless blood pressure experi- 
ments would prove the contrar}”, that the restoration of cortical potentials is 
due to an improvement in the oxygenation of the brain rather than to an adap- 
tion of the cortical cells to a low oxygen tension. 
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If the barometric pressure is lowered from 190 mm. Hg to 160 mm. Hg after 
rats have been exposed to the former for 10 minutes (cf. column B in table 1) 
it is found that spindles also occur at 160 mm. Hg. They are likewise observed 
in experiments in which the level of 190 mm. Hg is reached veiy gradually (cf. 
colunm E of table 1). Under these conditions, spindles are not preceded by 
either a period of complete silence or delta waves (table 2). If the barometric 


mm 

750 


E.E..G. at 190 


Z' 190 

r 190 




15' 190 



17' 190 



Fig. 1. The effect of reduced barometric pressure on the electroencephalogram of the 
unanesthetized rat. The i)ressure w.as reduced from 750 mm. Hg to 190 mm. Hg in five min- 
utes (cf, table lA). 


750 
b' 190 


El.E.G. at 190 


I sec. 


28' 190 






Fig. 2. The effect of reduced barometric pressure on the electroencephalogram. Pro- 
cedure as in figure 1. 


pressure is lowered more rapidly to levels below 190, spindles do not occur at 
190 or 160 mm. Hg. 'The experiments suggest that spindles are characteristic 
of a certain range of oxygen tensions since they were almost never observed at a 
barometric pressure above 400 mm. Hg and were likewise absent at pressures 
of 140 mm. Hg or below. Another condition for their appearance is a time 
factor inasmuch as very rapid ascent through the indicated range does not lead 
to spindle formation. 
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II. The effect of “severe” anoxia on the BEG.- Tavo procedures (cf. C and D 
in table 1) were used in. order to lower the barometric pressures below 160 mm. 
Hg. In procedure C a level of 140 mm. was reached in 36 minutes. Figure 3 
shows that the lowering of the barometric pressure to 140 mm. Hg abolished the 
spindles seen at 200 mm. Hg. All potentials graduallj’- decline in amplitude and 

TABLE 2 


Effect of decreased oxijgen tension on the electroencephalogram 


^•0. OF 

EEEZOD OF COETICAL StLE^•CE 

SFIKOI-ES 

REMAEES 

EATS 

Percent 

Onset 

Duration 

Per cent 

Onset 

38 

76 

Av. 1.6' 
a'-5') 

Av. 4.4' 

a'-7') 

95 

Av. 16.3'* 
(7'-23') 

Ascent to 190 mm. Hg in 5 

min. (Method A) 

1 .... 

12 

1 

0 

i 


0 

92.5 

Av. 21.2' 
(4'-37')** 

Ascent to 190 mm. Hg in 30 
min. (Method E) 


* Time in minutes from the beginning of ascent. 

** One rat showed spindles 4 minutes after beginning of ascent at which time the pres- 
sure was 450 mm. Hg; the rest developed spindles betn-een 280 and 200 mm. Hg. Cf. table 1 


A 




30/C^v 


isec 




mrnmwmmmm 


Fig. 3. The effect of lowered barometric pressure on the electroencephalogram. Pro- 
cedure c'of table 1. A, 13 min. at 200 mm. Hg; B, 2 min. at 140 mm. Hg; C, 12 min. at 140 
mm. Hg; gasping; H, 10 min. after readmis.sion of air; E, pulse rate taken during record C; 
F, pulse rate taken during record D. 

become slower. Gasping occurs in most instances within 30 minutes (average 
20 min.). At that time only few and .slow potentials are seen. If the baro- 
metric pressure is not immediately increased, the animal dies. The occurrence 
of slow gasps indicates that under these conditions not only cortex and pons are 

*The term '^severe” anoxia ha.s been used in this paper to denote the involvement of 

the medullary cenfer-s. 
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greatly depressed, since cortical potentials are practically absent and righting 
reflexes are abolished, but that the medulla oljlongata is likewise affected (Lums- 
den). At the same time the recording of the pulse rate indicates gross irregu- 
larities and slomng (cf. record E in fig. 3). Readmission of air restores cortical 
potential, normal beha\dor, and regularitj’’ of the pulse (cf. records D and F in 
fig. 3). 

In 11 animals the barometric pressure was lowered rather rapidly to 110 mm. 
Hg (procedure D of table 1). Of the 11 animals, 10 gasped at a pressure varying 
between 140 and 110 mm. Hg. Here again gasping was accompanied by a slow 
irregular pulse, absence of cortical potentials and loss of righting reflexes. 

III. Factors modifying the effect of loivered haro7netric pressure on the EEG. In 
fifteen experimente, the effect of benzedrine (5 mgm./kgm., intraperitoneally) 
was studied on the EEG of rats subjected to procedure A. It was found that a 


TABLE 3 

Effect of decreased barometric pressure {190 mm. Hg. — Method A) on pidse rate 


RAT 

PULSE RATE PER MINUTE 

Control 

j 190 mm. Hg 

Cortical silence onset 

Rccovcrj’ onset 

1 

420 

400 

388 

2 

390 

412 

410 

3 

374 

378 

388 

4 

3GG 

313 

340 

5 

532 

456 

500 

6 

480 

420 

434 

7 

400 

448 

450 

S 

458 

384 

382 

Average 

428 

401 

412 

Per cent 

100 

94 

96 


period of silence was observed in 9 out of 15 experiments (60 per cent), a figure 
which is not essentially different from that seen in uninjected controls (76 per 
cent). However, spindles did not occur after the recovery from the period of 
silence in any of these animals (fig. 4) whereas they were found in 95 per cent of 
the control animals. At the same time it was observed that the rats, instead of 
being depressed as uninjected controls were at 190 mm. Hg. during the time 
when spindles occurred, appeared entirelj’’ normal: they moved about in the low 
pressure chamber and reacted to external stimuli. If benzedrine injected rats 
were subjected to procedure B in wliich the pressure was lowered to 160 mm. Hg, 
the EEG failed again to show spindles wluch regularly occurred in the corre- 
sponding control experiments. 

It is important to note that this fundamental difference in the reactivity of the 
cortex existing between “benzedrine” and control rats is limited to the range of 
oxj'-gen tensions of 160 to 200 mm. Hg since entirely different results were ob- 
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tallied under conditions of ^^severe” anoxia. Benzedrine rats whicli were sub- 
jected to procedure D showed in all nine experiments that gasping occurred 
between 140 mm. Sg Bud 110 mm. Hg at times swulBr to those observed under 
control conditions; moreover, experimental and control rats showed a similar 
behavior and similar changes in EEG. These experiments suggest that observa- 
tions made on animals subjected to a moderate degree of anoxia may not permit 

Benzedrine 5m(^/Hq. 


580 


4 ^ 190 


30>6t.v 


I sec. 


10 ' 190 




ZO' 190 


25 " 190 

29 ' 190 

Fig. 4. The effect of benzedrine (5 mgm./kgni.) on the electroonccphalogram of the un- 
anesthetized rat under conditions of lowered barometric pres.sure. .Asteri-sks indicate 
jnoveinentE. 




a ss 




one to make an}' prediction with regard to their behavior at extreme degrees of 
anoxia and vice versa. 

In a number of investigations the resistance of animals to anoxia under various 
conditions has been tested by determining their .sundval time under conditions 
of extreme anoxia. Thus Campbell found that carrot-fed rats show an increased 
msi.stance to anoxia. Wc w'ere able to confirm this finding on fifteen rats since 
only six rats (40 per cent) gasped vdthin 10 minutes at 100 mm. Hg, whereas in 
rats fed dog chow diet, ten of eleven rats (91 per cent) gasped within this period. 
On the other hand, it was shoivn that this increased re.sistance di.splayed by the 
carrot-fed rats under conditions of "severe” anoxia did not appear when the 
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animals were subjected to “moderate” anoxia (procedure A of table 1). Under 
these conditions beha^^o^ and EEG were similar and apparently independent 
of the diet. 

Discussion. With respect to the reversible period of electrical silence of the 
cortex which occurs, after rapid ascent, at a barometric pressure of about 190 mm. 
Hg it was found that in spite of continued anoxia, the brain potentials gradually 
recover to the “spindle” tjTpe. The absence of changes in pulse rate when 
recovery from tliis period of temporary cortical silence occurs suggests that S3'^s- 
temic circulatoiy changes are not involved in the recoveiy. It is, however, not 
improbable that an improved oxj’-genation of the cortex is the cause of this 
recovery, since dilatation of cerebral vessels maj^ gradually increase in anoxia 
particular!}’' if acid metabolites are accumulated at the same time. 

The period of electrical silence of the cortex observed at a barometric pressure 
of 190 mm. Hg is fundamental!}’- different from that observed at pressures of 
140 mm. and below since the latter ends invariably in death unless the baro- 
metric pressure is quickly raised. The reversible form of electrical silence (at 
190 mm. Hg) occurs under conditions indicating an anoxic involvement of cortex 
and brain stem doum to the pontine level (righting reflexes). The irreversible 
form of cortical silence (at 140 mm. Hg) is accompanied by an involvement of 
the whole brain including the medulla oblongata as indicated by gasping, slondng 
and irregularities of pulse rate suggesting vagal discharges. If the barometric 
pressure is restored rapidly, the animals may completely recover. The observa- 
tions made at 190 mm. Hg on one hand and at 110 to 140 mm. Hg on the other 
hand give renewed evidence for the well established fact that anoxia affects more 
easily cortex and brain stem than medullaiy centers (cf. Gellhorn, 1943, p. 166). 
They do not support Windle’s claim that anoxia results in fortuitous damage 
to various parts of the central nerv’ous sj’^stem. 

The spindles observed at 190 mm. Hg are similar to those reported by Sugar 
and Gerard following recovery from complete anemia of the brain and interpreted 
by them as an indication of increased excitability of the cortex. Since their 
experiments were carried out in narcotized animals, no comparison -vrith the 
general behavior could be made. It is, therefore, of interest to emphasize that 
our observations clearlj’- showed a marked depression of the animals during the 
period in which trains of spindles prevailed. Whereas the animals showed no 
spontaneous movements at 190 mm. Hg and appeared to have also a diminished 
tone of the muscles, they assumed normal activit}’- and behavior as soon as the 
pressure was raised to a level at wliich these spindles disappeared. 

Our experiments have confirmed Campbell’s findings but have shown that in 
spite of the greater resistance of carrot fed animals to lethal tensions of oxj’-gen, 
they appear not to be more resistant to milder degrees of anoxia inasmuch as 
they show the same cortical and clinical changes as do control rats. Similarly, 
it has been found that benzedi'ine which decidedly improves the performance of 
rats at 190 mm. Hg does not in anj* way alter their resistance to lethal tensions 
of oxygen. It must be concluded that experiments done under conditions using 



298 


M. KESSLER, H. HAILILVK AND E. GELLHORN 


the time of survival under severe anoxia as the criterion of anti-anoxic properties 
of certain drugs or procedures are more of pharmacological than physiological 
interest. 


SUMMARY 

Studies on the effect of lowered barometric pressure on unanesthetized rats 
have shown that when the ascent is carried out rapidly a period of temporary 
silence of the cortex occurs at a level of 190 mm. Hg from which the animals 
recover spontaneously in spite of continued lowered barometric pressure. Dur- 
ing the period of cortical silence righting reflexes are absent. Recovery is 
accompanied by the appearance of large spindles of a frequency of eight to ten 
per second. Righting reflexes reappear during this period but the animals 
remain depressed. Rats injected with benzedrine show similar changes in EEG 
as far as the period of cortical silence is concerned, but they show dining the 
subsequent recovery a normal EEG without spindles and without any other 
signs of depression of actmty. If the pressure is graduall}’’ lowered to 190 mm. 
Hg, the periods of temporary'- silence may be absent, but spindles accompanied 
hy a general depression of the animals are found. The occurrence of spindles 
is confined mostly to barometric pressures varying between 280 mm. Hg and 
160 mm. Hg. If the pressure is lowered to 110 to 140 mm. Hg, a period of elec- 
trical silence occurs from which no recover}' at that barometric pressure is pos- 
sible. As the gasping and slowing of pulse show, the medulla is involved under 
these conditions. 

Benzedrine which increases the resistance of rats to anoxia as indicated by the 
EEG at moderate degrees of anoxia does not increase the resistance or the 
sunival time of rats under conditions of extreme anoxia. Converse] 3 % rats fed 
with carrots although shoving an increased survival time under lethal conditions 
(Campbell) do not show any improvement in performance or in EEG under 
conditions of more moderate anoxia. 
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In a previous investigation it Avas sIioaati tiie present authors that chemicallj^ 
(metrazol) and electrically induced comailsions call forth a neutrophilic leuco- 
cjdosis in normal animals. However, no changes in the leucocyte count oc- 
curred in adreno-demedullated rats subjected to the same measures. These 
data indicate that leucocjdosis may be the result of an excitation of centers of 
the s 3 Tnpathetico-adrenal sj-stein leading to a discharge of adrenalin which bj’’ 
direct action on the bone marrow results in an increased discharge of neutrophilic 
leucocytes. In addition to this mechanism other mechanisms arc involved also 
Avliich appear to be independent of the discharge of adrenalin. It Avas found 
that the injection of t3’’phoid-paratyphoid A'accine led to a neutrophilic leuco- 
C3’tosis AA'hich AA'as not confined to the normal animals but Avas also present in 
adreno-demedullated rats to a similar degree (Clare, Cress and Gellhorn, 1943). 

Extensive studies (cf. Gellhorn, 1943, for literature) haAm sIioaati that anoxia 
causes an excitation of the S 3 Tnpathetico--adronal S 3 'stem. It is likeAA-ise knoAATi 
that anoxia, at least in its earlier stages, is accompanied b 3 ^ a leucoc 3 'tosis later 
folloAAnd b 3 ^ leucopenia (Mc 3 '’er, Seevers and Beatt 3 ", 1935; Ruppanner, 1920). 
The question, therefore, arises as to whether anoxia causes leucocytosis by 
means of sympathetico-adrcnal discharges. Since it is Ioigaati that not only 
anoxic anoxia but also anemic anoxia (Nasmith and Graham, 1906) call forth leu- 
coc3'tosis as AA'ell as excitation of the S3'mpatheticO'adreiAal system, it Avas decided to 
investigate the dependence of Ieucoc 3 ’^tosis on the s 3 Tnpathetico-adrenal sA'stem 
under these conditions. 

Method. The experiments AA'ere i^erfoimed on 52 rats averaging 250 grams 
in Aveight. Half of the animals AA'ere adreno-demedullated. Blood samples 
AA'ere obtained from the tail after amputation of 1 or 2 mm. and discarding of 2 
or 3 drops. Control experiments reiAorted in our previous Avork shoAved onl 3 >' 
insignificant changes in 1600003^6 count taken at tAAm hour interA^als over 24 hrs. 
Operated animals Avere used not earlier than 3 to 4 AA'eeks after opei'ation. No 
food Avas given during the periods of anoxia. 

Anoxic anoxia Avas established b 3 ’' subjecting the animals to a barometric pres- 
sure of 400 mm. Hg in a Ioaa' pressure chamber for 12 hrs. on each of four successirm 
da 3 ’^s. Before and after the period of anoxia red and AA’hite counts AA'ein taken. 
The effect of anemic anoxia aa’us studied in tAAm ways: 1st, b 3 '’ subjecting rats to 
carbon monoxide poisoning, and 2nd, b 3 '' hemorrhage. Carbon monoxide Avas 
found to be effective AAhen injected intraperitonealb^ (1 cc. per 20 grams’ body 
AA’-eight). Blood counts AA'ere taken before, and 6 and 12 hrs. after the injection. 

^ Aided by tlie Josiah Macy, Jr,, Foundation. 
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In order to study the effect of hemorrhage, about i of the total blood ivas re- 
moved from the tail in 30 minutes. It was assumed that the rat has 6.7 cc. of 
blood per 100 gram of body weight (Griffith and Ferris, 1942). Blood counts 
were taken before bleeding and 13, 17 and 24 hrs. after bleeding. A differential 
count, was carried out on 10 normal rats subjected to anoxic anoxia and CO 
poisoning. 

Besults. The effect of anoxic anoxia on 5 of the 10 animals which were in- 
vestigated is showm in table 2. It is clearlj’’ e\udent that anoxic anoxia causes a 
decided increase in leucocjdes in normal but not in adreno-demedullated rats. 
The leucocjdiOsis occuis in most instances at the end of the first period of anoxia; 
only in two out of ten animals was the ieucocjdosis at its maximum after the 
second anoxic period. Thereafter, there was a gradual decline in leucocj’^te count 
so that at the end of the fourth anoxic period the count was on the average only 
slightly above the control levels. The effect is not due to hemoconcentrationas 
evidenced by the fact that the changes in erythrocytes during these experiments 

TABLE 1 


Effect of various forms of anoxia on the white cell count 



AVTERAGE 
WHITE ' 
COtINT IN ! 
MM* j 

(control) 


ait: RAGE 

INCREASE 
IN % OF 

control 

PERCENTACE 

PERCENTAGE 

PERCENTAGE 

NO. or 

RATS 

1 

! 

ANOXIA 

WHITE 
COUNT IN 
Mjf* (after 
anoxia) 

Neutro- 

phils 

before 

Lym- 

pho- 

cytes 

anoxia 

Neutro- 

phils 

after 

Lym- 

pho- 

cytes 

anoxia 

INCREASE IN 
NEUT80- 
PHILS 

5 

21080 

CO 1 CC./20 
grams weight 
intraperi- 
toncally 

28S60 

37 

1 

30 

70 

62.5 

1 37.5 

i 

1 

108 

5 

14550 

16 hrs. at 300 
mm. Hg 

18000 

24 

26.8 

73.2 

43.2 

56.8 

61 


were only very' slight. After the end of the first ano.xic period the leucoc}’tes in 
10 rats had increased from 18,000 to 30,000 per mm^ whereas the red counts in- 
creased from 9.4 to 9.7 millions per mm’. 

None of the adreno-demedullated rats showed a leucocytosis. In two adreno- 
demedullated rats (nos. 5 and 8; the record of the latter is not shown in this 
paper) there was a decided fall in leucocides but in most observations no sig- 
nificant effects were observed, "i^ffiereas the maximal increase in white count 
of 10 normal rats averaged 82 per cent, it amounted to 4.7 per cent only following 
anoxia in 10 adreno-demedullated rats. 

The influence of severe hemorrhage on the blood count on normal and adreno- 
demedullated rats is illustrated by table 3. Here again it is shown that leuco- 
cvtosis is confined to the normal group and appears at its height 8 to 12 hrs. 
after bleeding. Hereafter, the white count gradually returns to control levels. 
For the interpretation of these findings, the curve illustrating the red count is 
important. It shows that four hours following the bleeding, the red count is 
reduced to approximately 50 per cent of the original value and remains at this 
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TABLE 2 


Effect of loiv barometric pressitre {12 hrs. at 400 vim. Hg) on the leucocyte count 


A. NORMAL RATS 


B. ADRENODEMEDTJLLATED BATS 


nqtJRs 

PROCEDUKES 

SI 

S2 

S3 

S4 

S5 

SI 

S2 

S3 

S4 

SS 



E* 

Lt 

E 

1 

L 

E 

L 

E 

i ^ 

E 

L 

E 1 

L 

E 1 

L 1 

^1 

i ^ ' 

E 

L 


B 

0 

Control 

9.0 

15.0 

9.0 

13.5 

9.1 

15.0 

9.3 

m 

8.9 


9.7 

■ 

8.9 

■ 

8.5 

1 

9.3 

18.0 

8.0 



1 Counts 


10.0 


14.0 


14.5 


21.0 


17.8 


28.6 


19.5 


1 


19.0 



1-13 

1 Anoxia 





















13 

Counts 

9.5 

10.0 

9.4 

34.0 

9.2 

27.0 

EiB 

132.5 

9.1 

39.2 

10.4 

30.5 

9.4 

19.4 


18.0 

9.0 

18.0 

7.8 

22.0 

13-25 

Rest 





















25-37 

Anoxia 





















37 

Counts 

10.4 

23.5 

9.0 

20.0 

10.0 

25.0 


BWil 

10.0 

20.0 

10.3 

31.0 

9.1 

18. s' 


19.5' 

9.5 

18.3 

0.8 

25.0 

37-49 

Rost j 





















49-01 

Anoxia 


1 



















01 

Counts 

10.5 

21.0 

9.5 

24.0 

10.1 

21.0 

9.7 

Wfil 

10.1 

23.0 

9.8 

28.0 

inrn 

23.0 


19.6 

Bill 

20.0 

8.0 

17.0 

01-73 

Rest 













mu 








73-85 

Anoxia 









! 












85 

Counts 

10.4 

19.0 

9.5 

21.0 

s 

16. o' 

9.5' 

20.5 

10.0 

20.0 

9.0 

29.0 


10.0 


19.0' 

0.0 

18.5 

8.2 

19.2 

L maximal increase (%) 

48.7 


140.1 

1 

82.5 


58.5 


11S.9 


9.5' 


19.2' 


1.0 


8.1 


3.3 


Average maximal increase of L in 10 normal rats = 81.7%. Average maximal increase of L in 10 adrenodemedul- 
latcd rata = 4.8%. 

* E = Erythroeytea in millions per cu. mm. 

4 L *= Leucocytes in thousands per ou. mm. 


TABLE 3 


Bleeding experiments 







i 

1 cc. 

1 BLOOD 
RE- 

■MO\TD ! 

j LEUCOCYTES 


ERYTHROCYTES 

RAT ' 

■\VGT. 

con- 

trol 

E 

CON- 
TROL ' 
IL 1 

CON- 
TROL ' 

n L 1 

Is hrs. 

7 hrs. 




24 1 
hrs. 

%TNCR. 

INL 

,3 ! 

hrs.| 

1 1 
hrs. 

11 

hrs. 

13 

hrs. 

17 

hrs. 

24 

hrs. 







After bleeding 



i After bleeding 


Normal rats 


1 

2 

3 

4 

5 

6 

gms. 

210 

200 

220 

230 

240 

280 

■ 

18.5 

18.5 

20.0 

20.0 

20.0 

22.3 

16.0 

17.0 

21.0 
22.0 

19.0 

22.0 

4.0 

4.0 

4.5 

4.5 

5.5 
5.5 

1 

1 

1 

1 w 

1 


81.0 

39.2 

99.1 
66.6 
79.5 

75.1 

5.5 

5.4 

5.1 

5.1 

5.0 

5.8 

3.9 

3.8 

5.2 

4.1 

5.7 

5.5 


4.0 

4.6 

5.4 

4.2 

4.5 

4.5 

5.5 

4.5 

1 

Average 


73.4 









Adreno-demcdullated rats 


1 

225 

9.8 



4.5 


19.4 


20.6 

22.0 

22.6 

-34.1 

5.8 





6.0 

2 

275 

9.7 

19.0 

18.9 

5.5 

Ban! 



18.0 

20.0 

21.2 

11.6 

5.6 

5.2 

5.3 

5.0 

5.2 

5.3 

3 
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9.6 

K|K 


5.5 

17.5 



17.8 

16.8 


-33.6 

5.9 





4.7 

4 

235 

8.45 



5.0 

m 

Sjn 





-24.6 

6.2 


6.0 




5 

240 

9.8 


Qjn 

5.0 


Tfr 






HQ] 

5.2 

5.9 




6 

165 

8.9 



5.0 

24.0 

22.5 

23.0 




6.7 

5.6 

4.9 

m 




Average •• 

-15.7 
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level for the next 24 hours indicating that the blood volume has inci-eased con- 
siderably. In spite of this dilution, the increase in leucoejdes averages 72 per 
cent in six normal rats. The actual production and release of leucocjdes into 
the circulatory S 3 ^stem must have been considerably greater than is indicated 
by this figure. 

The adreno-demedullated rats show in 4 out of 6 animals a decrease in white 
count after bleeding which roughlj'' parallels the decrease'in red count and may 

TABLE 4 


Effect of CO* on the leucocyic count 


CONTROL 

control 

CONTROL 

— 1 — 

LECCOeVTES 

% INXR. 

1 

E 6 HRS. 

E 12 HRS. 

E 

It 

11 L 

2 hrs. 
after CO 

6 hrs. 1 
after CO 1 

J2 hrs. 
after CO 

AFTER CO 

AETEE CO 


Normal rats 


1 

8.8 

1 21.0 

20.0 

17.5 

28.2 

27.0 

37.5 

S.O 

8.0 

2 

9.0 

20.0 

20.0 

15.0 

27.8 

24.5 

39.0 

8.5 * 

8.6 

.3 

9.0 

30.0 

29.7 

21.8 

40.0 

37.0 

33.3 

9.1 

9.0 

4 

9.0 

17.5 

16.0 


32.0 

28.0 

91.6 



5 

9.0 

20.7 

20.0 


32.0 

25.0 

56.8 



6 


21.0 

18.5 


30.0 

22.0 

51.5 



7 


19.8 

16.0 


31.0 

24.0 

73.1 



s 


23.2 

20.0 


21.0 

36.0 

66.6 



9 


17.4 

17.0 


15.2 

33.5 

94.7 



10 ! 

9.4 

25.0 

23.0 


36.5 

32.0 

52.1 

9.0 


Avfirntrn . . 

1 54.4 1 











IHHIH 

HH 

Adrcnodemedullatcd rats 

1 

1 

j 

23.6 

22.0 

27.6 

27.4 

25.0 

20.1 



2 

} 

\ 

32.2 

31.0 

31.0 

32.0 

20.0 

1.3 



S 

8.7 1 

28. 0 

27.0 

27.0 

26.0 

26.5 

-5.0 

8.9 

9.0 

4 

8.9 

30.0 

28.0 


31.0 

31.5 

8.6 

9.0 

8.8 

5 

8.9 

20.0 

19.0 


23.0 

22.0 

17.9 

8.9 


G 

9.3 

19.0 

IS. 5 


21.0 

21.0 

11.7 

9.0 


7 

9.8 

22.4 

22.3 


23.0 

21.0 

2.7 

9.2 


8 

S.o 

28.0 

27.0 


27.5 

27.0 

-1.9 

8.4 


9 

9.0 1 

29.0 

28.0 


28.0 

29.0 

1.8 

9.3 


10 

9.4 1 

25.6 

24.0 


26.0 

24.0 

4.9 

9.5 









7.6 















* 1 cc. CO per 15 to 20 grams weight, intraperitoneally. 


be accounted for bv the dilution of the blood. In two rats the Icucocj'tcs show 
an insignificant rise (7 and 12 per cent respectively). 

ICormal rats under carbon monoxide poisoning show an increase in the number 
of leucoevtes which is maximal after 7 or 13 hrs. (table 4). It amounts to GO 
per cent on the average whereas the a^'erage change in the demedullated group 
is G per cent. After 24 or 48 hrs., the control value was obtained again in the 
unoperated group. These changes in leucoc 3 'te count were not accompanied 
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by anj’- significant changes in the red blood count. Table 1 shows the leuco- 
cjdosis which occurs in another group of normal rats under conditions of anoxic 
and anemic anoxia. Although the leucocytosis was of a lesser degree than in the 
main group of experiments described above, its neutrophilic character is un- 
mistakable. 

Discussion. The experiments show conclusively that anemic and anoxic 
anoxia lead to a leucoc5’'tosis in normal but not in adreno-demedullated rats. 
The data suggest that the liberation of adrenalin in the normal group is the cause 
of the leucocytosis. This assumption is supported bj’’ the fact that anemic as 
well as anoxic anoxia leads to the liberation of adrenalin. That the results are 
not due to changes in blood volmne is indicated bj'- the simultaneous determina- 
tion of the red count which does not show any significant changes in anoxic 
anoxia and in carbon monoxide poisoning in the present investigation. In the 
group shovdng anemic anoxia as a result of hemorrhage, there was a fall in red 
blood count indicating a marked dilution of the blood but this fall was similar 
in noi-mal and adreno-demedullated rats. Nevertheless, onl3’^ the normal group 
showed leucocytosis. i 

The experiments agree with our earlier studies in wliich metrazol and electro- 
shock caused a leucocytosis which under these conditions was likewise confined 
to the normal and was absent in the adreno-demedullated group. Moreover, in 
both groups of experiments, it was found that the leucocytosis was neutrophilic 
only. Both investigations support the assumption that sjmpathetico-adrenal 
discharges are a potent factor in the elicitation of a neutrophilic leucoc3dosis. 
However, chemical substances ma3^ also have a direct peripheral effect on the 
bone marrow as shovm b3’' the fact that after injection of t3T3hoid vaccine, leuco- 
c3rtosis appears in both normal and adreno-demedullated animals. 

SUMMARY 

The effect of anoxic and anemic anoxia is studied on the blood picture of 
normal and adreno-demedullated rats. It is found that anoxic anoxia induced 
b3^ exposure of the animals to a bajujmetric pressure of 400 mm. Hg for 12 hrs. 
on four successive da3’^s causes a leijcocj^sis after the first or second period of 
anoxia in normal but not in adreno-demedullated rats. Similarl3’', it is obseiamd 
that carbon monoxide poisoning and hemorrhage are followed bya leucoc3d;osis 
confined to the normal group. The leucocytosis is in aU cases of a neutrophilic 
character. The experiments indicate that the leucocytosis in anoxic and anemic 
anoxia is due to a discharge of adrenalin following the excitation of the S3rm- 
pathetico-adrenal system. It is assumed that the liberated adrenahn acts 
directl3’’ on the bone marrowL 
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Interest in measures designed to increase resistance to anoxia is understandably 
acute at the present time. Since one of the most constant physiologic reactions 
to anoxia is the increase in the number of red cells the possibility that an artificial 
polycythemia induced hy blood transfusions might be beneficial to high altitude 
fliers merits investigation. Considering the ease of the operation and the long 
life of the red cell, such a method, if effective, might be quite practical. Authori- 
ties differ, however, on the importance of pol 3 xj’themia as a factor in acclima- 
tization as is evident on reading the chapter “Acclimatization” in Anoxia, Its 
Effect on the Body, bj" Van Liere, (1). Experimentall}^ Campbell (2, 3, 4) has 
studied the effects of an increased hemoglobin percentage on tissue oxygen 
tension, using the method of injected nitrogen bubbles, but we could find no 
reports concerning its effect upon actual resistance to anoxia. 

In attacking this problem we were impressed bj* the great individual varia- 
tion in the survival time of rats under conditions of acute anoxia. It also seemed 
to us that since the survival of high altitude personnel depended in large part 
upon the reception of sensor 3 ’- stimuli and the ability to respond to them, a test 
based upon the loss of a reflex response under anoxic conditions might be more 
appropriate than length of survival. Such a method was therefore developed and 
applied to the polyc^dheniia problem. 

Finallj', the confirmation by Nelson, Goetzl, Robins and (5) oi the original 
report of Campbell (6) that a ten day carrot diet markedl}' increased the re- 
^sistance of rats to acute anoxia, raised the question whether such increased re- 
sistance would also be shown bj* our test. 

ExperimentaI/. Albino rats of the Universit}* of Denver strain were used in 
these studies. The method emplo^'cd Avas as folloAvs. An electric bicycle hom 
was placed in the bottom of a vacuum desiccator, the leads sealed through the 
stopper and the hom operated bA^ means of an outside SAA-itch. A AA-ire frame, 
on AA'hich the animal rested, was placed OAnr the hom so that he aa-ouW not be 
affected by the mechanical Adbration of the horn. Under these conditions, 
sounding the hom produced a uniform response, namelj^ , a sharp, backAvard tAvitch 
of the ears, Avhich Ave call the “Ear-batting Reflex,” Avhich is easily obserA'cd 
through the v-nlls of the desiccator- Undue excitement is not produced, a rat 
Ijdng quietly in the chamber Avill usually merely bat his ears AA'hcn the hom is 
sounded. 

E.xposure to low barometric pre.?sures results in loss of this reflex, after varj-ing 
lengths of time. (We believe that failure of the animal to respond is probably 
due to its failure to hear the signal rather than to muscular paralA'.sis, at least the 
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ability to respond to electrical stimulation persists much longer.) Disappear- 
ance of the reflex, when tested at 30 second inter\’'als is usually unequivocal, that 
is, the last response may have been quite strong but 30 seconds later it will have 

TABLE 1 


Control reflex times, in minutes, for 5 determinations, made at weekly intervals 


■RAT NO. 

1 

1st 

2.VD 1 

i 

3rd 

4™ : 

Sth 

A\XRAGE 

O' 

17 


10 


6 

■■ 

9.4 

2.8 

4 

14 

14 


13 


13.4 

.8 

11 

13 

15 


IS 

■9 

16.8 

4.0 

3 

32 

35 


34 

32 

32.8 

1.5 

16 

24 

40. 


48 

33 

35.0 

8.2 


TABLE 2 

Effects of polycythemia on reflex time 



BEFORE TREATitENT 


AFTER TREATMENT 

RAT NO. 

RBCt 

Reflex 

timet 


TREAT- 

MENT* 

1 week 

2 weeks 

3 weeks 


<r 


RBC 

Reflex 

time 

RBC 

Reflex 

time 

RBC 

Reflex 

time 

1 

7.85 

9.8 

1.6 

cc. 

2.25 

10.20 

12 

■ 

15 

8.00 

14 " 

2 

8.55 

16.6 

1.5 

2.25 

9.85 

20 

mm 

19 

9.15 

16 

3 

8.20 

32.8 

1.5 

2.25 

9.95 

25 

19 

15 

7.65 

30 

4 

7.90 

13.4 

.8 

3.2 

11.60 

16 

10.40 

14 

7.40 

14 

5 

9.0 

22.0 

3.5 

3.3 

10.60 

19 

10.10 

25 

9.10 

22 

6 

8.35 

24.6* 

2.8 

1 

3.15 

9.65 

13 

9.60 

22 

9.00 

1 

28 

Av 

8.31 

19.9 



10.31 

17.5 

9.98 

18.3 

8.38 

20.7 




7 

9.00 


3.2 

6.2 

14.20 

16 

11.40 

16 

8.75 

9 

8 

8.00 

19 

1.7 

6.25 

12.65 

12 

11.70 

15 

9.50 

13 

9 

8.10 

mm 

3,6 

6.0 

13.80 

20 

12.80 

14 

10.30 

18 

10 

9.10 

\ 13.0 

1.3 

6.5 

14.80 

10 

11.55 

9 

10.20 

11 

11 

8.40 

16.8 

4.0 

6.25 

12.90 

12 

12.75 

6 

8.55 

9 

12 

8.75 

17.2 

2.4 

6.25 

11.75 

19 

9.60 

21 

9.15 

16 

Av...-. 

8.56 

14.7 



13.35 

14.8 













* Red cells suspended in saline solution. The amounts given represent the volume 
of whole blood from which red cells were obtained, 
t Red blood count in millions. 

J Average of 5 determinations at weekly intervals before transfusion. Reflex time 
means the number of minutes elapsing between the time an altitude of 40,000 feet was 
reached and the time at which the reflex disappeared. 


disappeared completed". Sometimes an animal failing to respond to the usual 
blast will respond if the signal is prolonged or repeated, but after another 30 
seconds, no response whatever can be elicited. Once lost, the reflex does not 
reappear unless the pressure is raised, whereupon it reappears promptly. It 
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therefore seems reasonable to assume that loss of the reflex is due to anoxia and 
the length of its survdval measures the animal’s resistance to this condition. 

As regards variability, ra%v data on 5 of the rats used in this study are presented 
in table 1 . These 5 rats represent the extremes of consistency and inconsistency 
and also the extremes of time of reflex suiadval. All other rats fall betv'een these 
extremes, as shovTi by the standard de\dations and average reflex times listed 
in tables 2 and 3. It will be noted that the variations in a given rat, determined 
from time to time, are less than the variations between different rats, which sug- 
gests the advisability, in future work, of using animals selected for their 
uniformity. 

All determinations were made at a pressure of 140 mm., corresponding to an 
altitude of 40,000 feet, the rate of ascent being 2,000 feet per minute. The 
desired barometric pressure was obtained by means of a vacuum pump, air 
being admitted through an adjustable capiliarjL The circulation through the 
chamber at 40,000 feet was 4 liters of outside air per minute. After reaching 

TABLE .3 


Ejjecl of Carrol diet on reflex time 


RAT ^'0. 

AV’C. F.ZFVEX mrE 
(5 OETERUnrATIOKS) 

ff 

RCrtEX TTEfr, 
lOm DAY 

TiETLKX mn:. Urn 
DAY 

13 ! 

21.8 ! 

3.2 i 

19 

18 

14 

10.0 

1.8 

IS 

19 

15 

17.0 

1.5 

17 

' 21 

16 

35.0 

8.2 

56 

45 

17 

9.4 

2.8 

12 . 

11 

Av’g j 

' 18.8 

! 

2.3.4 

22.8 


40,000 feet the horn was sounded at 30 second interv'als and the period elapsing 
between reaching that altitude and the disappearance of the reflex, read to the 
nearest minutes, recorded as the “Reflex time.” 

The normal reflex time of 12 rats w'as determined by flve tests made at w'eekly 
intervals. Their blood count was determined, following which they were in- 
jected, -^da the jugular vein, with rat red cells suspended in saline in the amounts, 
expressed in equivalents of whole blood, shown in the table. Tests were again 
made at weekly intervals for three weeks and after each test a red count w'as 
made. The results are shown in table 2. 

To study the effects of a carrot diet 5 rats whose reflex times had been estab- 
lished as described w^ere placed on such a diet for 11 days. The weight loss was 
8.7 per cent. Their reflex times w'ere again determined on the 10th and 11th 
davs. These results are shown in table 3. 

Discussion. It %nll be noted that two levels of polycythemia were produced. 
In the first group of six rats (table 2), which received red cells equivalent to a 
blood transfusion of 2.2.5 to -3.3 cc. each, the increase in red count was 2-1 per 
cent, while in the second group, receiving from G.O to G.5 cc. the increase was .50 
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per cent. This was done to take into account the possibility that the advantage 
of a high red count rnight be overbalanced by the greater blood \dscosit 3 L At 
neither level, however, was there an increased resistance to anoxia. This agrees 
with the conclusion reached bj'- Campbell (4) that an increased amount of 
hemoglobin at high altitudes is of no value. 

As regards the carrot diet, the increase in resistance shovm is slight and sta- 
tisticaUj^ insignificant. Although, using the percent of animals sundving acute 
anoxia as the criterion, Iiy’s work (6) is conclusive in proving beneficial effects, 
this diet would appear to have little value under conditions where simdval de- 
pended upon reflex responses, insofar, at least, as the response used in this study 
maj’- be regarded as representative. 

CONCLUSIONS 

1. A method of studying anoxia in the rat, based on the loss of a reflex re- 
sponse to sound, is described. 

2. Using this method, no increase in resistance to anoxia was produced either 
bj’- a moderate (24 per cent) nor high (56 per cent) degree of polj’^cjdhemia. 

3. A 10 day diet of carrots exclusively was also ineffective. 
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YTien anterior pituitary gland extracts are injected into thyroidectomized 
guinea pigs, an exophthalmos and hypertrophy of the retrobulbar fat and 
extraocular muscles is produced (1, 7, 9). Study of histological sections of the 
orbital fat and muscles of such animals have shown that there is an increase 
in the quantity of interstitial water in these tissues. It has been impossible to 
determine, however, whether the lipid and the connective tissue constituents 
were increased in amount. For this reason quantitative determinations were 
made of the water, lipid (ether soluble) and connective tissue components 
of the orbital fat, and of the water content of the extraocular muscles of 87 
exophthalmic and control female guinea pigs. The water content of peritoneal 
depot fat and of skeletal muscle of 70 of these animals was also determined. 

h'lATERiALs. A marked exophthalmos was produced in 19 thyroidectomized 
guinea pigs by the injection of an extract of anterior pituitary glands. In 
addition, 17 normal animals and 26 thyroidectomized but uninjected guinea 
pigs were used as controls. An analysis was also made of the orbital tissues of 
nine animals in w'hich injection of the hypophyseal extract failed to produce 
an exophthalmos or in which the proptosis had been transitory and had disap- 
peared at the time of autopsy. In order to proAude a control for the extract 
used, 10 thjnoidectomized guinea pigs were injected with extracts of either 
heart, kidney, or spleen. These extracts were identical in method of preparation 
and administration Avith those of the hypophyseal tissue. Six uninjected thy- 
roidectomized guinea pigs were added to the group which were injected with 
the control extracts. 

Tire extract used to produce an exophthalmos was prepared from the anterior 
lobe of beef pituitary glands by the method described earlier (10). Fifteen to 
20 mgm. of this preparation were injected subcutaneously per day for 60 to 70 
daj's. All of the injected animals were thj’roidectomized 10 to 20 days prior 
to the first injection. The post-thyroidcctomy period of the uninjected control 
animals was the same as that of the guinea pigs injected vith pituitary gland 
extract. 

The average and range of body weights of the animals in the experimental 
and control groups were strictly comparable with the exception of those guinea 
pigs to which control extracts were given. 

Methods. Since the amount of orbital muscle and fat in the guinea pig 

* Aided by a grant from the Francis I. and Elizabeth C. Proctor Fiind.^ A preliminarj 
account of these experiments appeared in the Anatomical Record 76; 51, 19 j0. 
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is ver3’^ small, tlie methods used to determine their lipid and water content 
necessarily differed from standard procedures. The animals were killed with 
illuminating gas, immediately decapitated, and bled so that extremely little or 
no blood remained in the orbital vessels. The orbital fat and the extraocular 
muscles, including the levator, were removed and placed in small glass stoppered 
weigliing bottles. The fat, after any excess fluid had been absorbed vdth filter 
paper, was rapidlj'- spread over the bottom of the bottle in a tliin layer. The 
muscles were scattered singly on the walls of the bottle. The bottles and their 
contents were immediatelj' weighed and then dried in vacuo over phosphorus 
pentoxide at 40°C. until the weights were constant (±0.1 mgm.). After the 
drjdng of the orbital fat the lipid was extracted with six or seven changes of 
anhj^drous ether. The residue was then dried, weighed, and the extractions 
repeated. Due to the toughness of the fat no fragments were dislodged and lost 
in the ether extraction. Follovdng the second series of extractions, the residue 
was dried to a constant weight and the loss in Aveight caused by the removal of the 
ether soluble material was taken as the Aveight of the lipid content of the fat. 
The largest component of the residuum Avas connective tissue. 

Since the amount of fat and muscle available from a single orbit Avas very 
small, duplicate analj^ses were impossible. HoAvcA^er, determinations of the 
Avater and lipid content of the tissues from the right and left orbits of the same 
animals AA^ere found to agree closely, so that the methods used are believed to 
be adequate. 

In order to discover AAdiether the changes induced by the injection of anterior 
pituitary extracts Avere limited to the orbital tissues, the water content of the 
peritoneal fat and of skeletal muscle Avas determined. The fat used in these 
experiments AA'as taken from the dorsal aspects of the peritoneal caAdty, around 
the adrenals, kidney, ureters and from the uterine mesentery. The mass of 
peritoneal fat Avas spread out thinly in a Petri dish, Aveighed, and then dried in 
the oven at lOO^C. Approximately 20 grams of muscle, including most of 
the musculature of a fore and hind limb, the abdominal AA’^all, and the psoas 
and scalene muscles were used. These muscles Avere rapidly freed of surrounding 
fat and cut up coarsely AAdth scissors. They Avere Aveighed in a Petri dish and 
dried at 100°C. until the Aveight Avas constant (±25 mgm). 

The degree of exophthalmos Avas determined, in addition to inspection and 
palpation of the globe in the living animal, by measuring, at autopsy, the pro- 
trusion of the globe from the orbit. After the head had been skinned and 
scA^ered from the body, the distance from the limbus corneae to the edge of the 
bony orbit, at the supra-orbital notch, Avas measured AAuth vernier calipers (the 
skull-limbus measurement). 

Results. Orbital tissues. The injection of extracts of the anterior pituitary 
glands produced a marked exophthalmos, as determined by the increase in the 
skull-limbus measurement from 3.8 mm. in the thyroidectomized control animals 
to 5.6 mm. in the exophthalmic animals (table 1)®. The weight of the orbital 

* Ablation of the thyroid gland caused a slight increase (0.6 mm.) in the skull-limbus 
measurement. This effect has been consistent and is more marked in guinea pigs thy- 
roidectomized for very long periods. 
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fat and muscles of the latter was increased 115 per cent (P < 0.01)^ and 33 per cent 
( P < 0.01) respectively. Data from the control series show that thyroidectomy 
or injection of the control extracts had no effect on the weight of the orbital 
fat or on that of the extraocular muscles. There was, however, an increase of 39 


TABLE 1 


Comparison of water and lipid content of the orbital tissues of control and exophthalmic 

guinea pigs 


I.'trUBEE 

07 CASES 

1 

SKVtL- ' 
LUTECS 1 

i 

BODY 

1 

ORBITAE FAT 

EXTEA-OCULAE ITCSCEES 

Total 

Water ! 

Lipid 

Residue 

Total 

Water | 

Residue 

A. Normal control group 

17 

mm, 

3.2 

0.09 

grams 

546 

23 

rngm. 

43.1 

2.5 

1 mgm. 

24.8 

1 1.6 

j mgm. I 

1 14.9 

1 1.6 1 

mgm. 

3.3 

0.3 

1 mgm. 

' 78.8 
2.2 

mgm. 

63.4 

1.7 

% 

80.5 

0.2 

1 mgm. 

\ 15.3 

I 0.6 


B. Thyroidectomized, uninjected control group 


26 i 

3.8 ' 

1 529 

I 47.2 

1 29.4 

1 14.1 

1 



1 81.2 

1 15.3 

Hr 1 

0.12 j 

1 1 

2.8 

1.8 j 

1 1 

1 0.2 

1 1 


Ira 

' 0.2 1 

1 0.5 


C. Thyroidectomized, injected with anterior pituitary extract, exophthalmic 


19 

5.6 

545 

■W 

70.1 

ira 

7.2 

104.8 

87.2 

83.1 


0.15 

18 


5.1 

Ira 

0.4 

2.9 

2.6 

0.3 


D. Thyroidectomized, injected with anterior pituitarj' extract, non exophthalmic 


9 

j 3.6 

538 

1 60.2 ! 

40,0 

14.5 

5.7 

92.5 I 

75.6 

81.7 

16.9 

«jr j 

j 0.08 j 

38 

1 

2,2 

2.1 j 

0.3 i 

1 

4.6 j 

3.8 ; 

1 

0.2 

0.9 

I 


E. Thyroidectomized, injected with control e.xtracts 


Eddncy 

3 

1 

1 3.4 

453 i 

.39.0 i 

25.9 1 

9.8 

3.3 

76.3 i 

62.2 

00 

14.1 

Heart 

4 

i 

3.5 

1 

! 

407 

i 

37.7 

27.9 

0.2 

r3.5 

6S.5 

56.2 ! 

82.0 

12.1 

Spleen 

3 

3.5 

417 

42.4 

31.2 

7.3 

! 

3.9 

1 81.6 

GG.5 

81.4 

15.1 

Uninjected 

6 

3.8 

1 429 

1 

.36,7 

i 

25.6 

7.9 

3.1 

75.1 

60,9 

' 81.0 

14.1 


/ ZeP 
y n(n - 1) ■ 


per cent in the weight of the orbital fat and of 17 per cent in the weight of 
the extraocular muscles of the animals receiving anterior pituitary extract, 
but which did not become exophthalmic (table 1). 

* “P” reprcEcnts the probability that the diHercncc between the two means is due to 
random sampling. 
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The Avater content of the orbital fat increased from 24.8 mgm. in the normal 
control animals to 70.0 mgm. in the exophthalmic animals. This tissue normally 
contains a large amount of water, but in the exophthalmic animals water 
accounts for 75 per cent of the iveight. The water content of the extraocular 
muscles of these animals was also increased (37 per cent, P < 0.01). Ablation 
of the thyroid gland even when no extracts were injected caused some increase 
of doubtful significance (4.6 mgm.) in the ivater content of the orbital fat but 
none in the muscle tissue. Injection of the control extracts had no effect on the 
amount of water in either the orbital fat or muscles. However, the water 
content of the orbital fat of the animals ivhich received pituitary extract, but 
which failed to become exophthalmic, was slightly increased over that of the 
thyroidectomized control animals (36 per cent). 

The data show clearly that the injection of the anterior pituitary or of the 
control extracts caused no increase in the lipid constituent of the orbital fatty 
tissue. In the control extract injected series it ivill be noted that the amount 
of lipoidal material is less than that from the animals in the untreated control 
groups (table 1 A, B and E.). This is presumably due to the use of smaller 
animals as recipients of the control extracts. 

The amount of fat tissue residue after the removal of ivater and lipids was 
increased from 3.3 mgm. in the normal controls to 7.2 mgm. in the exophthalmic 
animals. This increase ivas consistent and ivas higlily significant statistically. 
The Aveight of the drj’’ residue of the ocular muscles Avas also increased (15 per 
cent, P < 0.01) in the exophthalmic animals, but the extent of the increase Avas 
much less than that of the Avater. There Avas no increase in the dry tissue 
residue of either the orbital fat or muscle as a result of thyroidectomy or the 
injection of control extracts. Since both Avater and solid components increase 
in amount in normal muscle hj^iertrophy, the proportion of Avater in the extra- 
ocular muscles of the exophthalmic and control animals Avas determined. The 
data (table 1) shoAV that the eye muscles of exophthalmic guinea pigs contained 
a higher percentage of Avater than did those of the various control animals. 
The difference in Avater content per unit Aveight, although small, was very 
consistent and therefore has a high degree of significance (P < 0.01). 

Non-orhital tissues. In contrast to the hypertrophy of the orbital fat 
caused by the injection of the pituitary extract, a decrease in the AA'eight of the 
peritoneal fat Avas observed (table 2). Injection of the control extracts or 
thyroidectomy AAuthout the injection of extracts, hoAvever, did not change the 
amount of this fat nor the proportion of Avater in it relative to that of the normal 
controls. 

The peritoneal fat of the pituitary extract-injected exophthalmic animals 
contained 55 per cent more Avater than did similar fat of the thyroidectomized 
controls (table 2 C). This increase, though definite (P < 0.01), Avas much less 
than the increase of 138 per cent found in the Avater content of the orbital fat. 
There was no change in the Avater content of typical skeletal muscle (table 2) 
of these animals. The mean values obtained suggest that thyroidectomy 
followed by the injection of the h 5 'pophyseal extracts tended to increase the 
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water content. However, statistical anatysis reveals that none of the differences 
is significant. This is in direct contrast to the marked increase in water in the 
eye muscles. It is noteworthy that the normal eye muscles contained more 
water than did the skeletal muscles Avith which the}’' Avere compared. Injection 
of the control extracts Avas Avithout effect on the skeletal muscle Avater content, 

TABLE 2 


Comparison of water content of the non-orhiial tissues of control and exophthalmic guineapigs 


KtrirUER OF CASES 

BODY 

1'EEITOS‘EAL depot tat j 

BODY xnJSCLE WATER 

i 


Total 

AVater j 


A. Normal control group 



IT ami 

%Taini 

%rams 

per cent 

11 

5G5 1 

15.2 

1.7 

77.Q 

1 

34 

2-4 

0.2 

0.4 

B. Thyroidectomizcd, uninjccted control group 

18 

521 


1 1.8 

78.3 


21 


0.1 

0.3 


C. Thyroidectomizcd, injected with anterior pituitarj' extract, exophthalmic 


10 

517 

18 

10.9 

1.1 

2.8 

0.3 

79.2 

0.4 

D. Thyroidectomizcd, injected 

with anterior pituitarj' extract, non 

exophthalmic 

9 

538 

11.7 

1 2.1 

77.8 

1 

38 

2.0 

i 1 

0.0 

E. Thyroidectomizcd, injected Avith control extracts and uninjected controls 

Kidney 

i 

j 

i 


3 

1 453 

7,0 

1.9 

78.7 

Heart 





4 

1 407 

7.2 

0.9 

79.0 

Spleen 




80.1 

3 

417 

6.4 

1.0 

Uninjccted 



1.3 

80.2 

G 

429 

0.9 


as shoAvn by comparison Arith the appropriate controls. The slightly higher 
values obtained in this group Avere due, it is belioA^ed, to the use of younger and 
.smaller animals (table 2 E). 

Discussion. The data obtained in this study show that the increased 
Aveight of the orbital fat of exophthalmic guinea pigs is due almost entirely to 
an excessh’e accumulation of AA'atcr in this ti.ssue. Tliis increased AA'eight of 
tlie orbital fat, therefore, is not the result of a true hypertrophy, since the main 
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cellular constituent, the fat cells, remains unchanged in amount as judged 
bj’- the weight of the ether soluble lipids. Since there was no increase in lip- 
ids, it may be assumed that the framework of the fat cells did not increase in 
amount. Histological studies have shown an increase in the connective tis- 
sue in the orbital fat of exophthalmic animals; therefore it seems probable 
that the increase in wnight of the "residue” fraction of the orbital fat tissue 
was almost entirelj'' the result of connective tissue proliferation. 

Since there was no increase in the total weight of the peritoneal fat of the 
exophthalmic animals, the high percentage of wnter in this tissue must have been 
obtained at the expense of either the lipid or connective tissue framew'ork. These 
changes w^ere Avithout effect on body Aveight. The increase in A\'-ater content 
of the peritoneal fat suggests that the edema of the orbital fat in experimental 
exophthalmos is an extreme example of a condition AA^hich is, hoAA^ever, not 
entirely restricted to the orbit. 

The Avater content of the peritoneal fat AA^as more variable than that of the 
orbital fat. This may haA^e been due in part to the greater range in Aveight 
of the peritoneal fatty depots, since the smaller fat deposits contained propor- 
tionately more Avater than did the larger ones. This relationship is illustrated 
by the data on the water content of the peritoneal fat of the tAA’o uninjected 
thyroidectomized control groups (table 2 B and E). It is also evident that the 
Avater content of the orbital and peritoneal fatty tissue of normal guinea pigs 
differs greatly (iieritoneal fat 11 per cent Avater and orbital fat 57 per cent 
Avater). A structural basis for this difference exists, for examination of sections 
of these tissues has shoAAm that the orbital fat of normal and thyroidectomized 
guinea pigs possesses a large amount of loose connective tissue AA-hich contains 
an appreciable quantity of interstitial fluid. The fatty tissue Avhich lies about 
the kidney and in the uterine mesentery, hoAvever, has very delicate septa, con- 
taining no observable interstitial material. 

Hypertrophy of the extraocular muscles has been found to occur in both clini- 
cal and experimentally produced exophthalmos. Histological examination 
has showm that the eye muscles from such cases Avere extremely edematous 
(3, 6, 13). The present data demonstrate that nearly all of the increase in 
AA^eight of the eye muscles of exophthalmic guinea pigs Avas due to an increase 
in the water component. HoAA'ever, there Avas a slight increase in the dry muscle 
residue, Avhich suggests that some of the Avater increase AA^as simply the result 
of muscle groAvth. This is in agreement Avith those experiments in Avhich it has 
been demonstrated that the proptosis itseff causes a hypertrophy of the eye 
muscles, presumably in response to the greater Avork required of them as re- 
tractors of the bulb (11). HoAvever, the percentage of Avater content AA’^as liigher 
in the eye muscles of the exophthalmic guinea pigs, indicating that the increase 
in Aveight of these muscles AA^as not entirely due to a simple growth hypertrophy. 

Since no similar change in the percentage of AA’^ater in the skeletal muscles 
Avas found, the edema of the eye muscles in exophthalmos appears to be a more 
localized reaction than the similar change in fat tissues. It is noteAvorthy 
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that the data on water content of skeletal muscles were based on pooled speci- 
mens of many muscles, some of which may have had an increased water content, 
as did the eye muscles, but which were insufficient in mass to affect the total 
value. There are at present no histological data available which suggests that 
the pathological state of the eye muscles in experunental exophthalmos represents 
a more general condition, excepting a reference by Paulson (8) to changes in the 
orbicularis oculi of exophthalmic guinea pigs. Examination of sections of 
diaphragmatic muscles of exophthalmic guinea pigs in our experiments has not 
revealed any abnormalities. 

It is presumed that the cause of the increase in water content is the same in 
both fat and muscle. An increased vascular permeability may possibly be the 
factor immediately responsible for it. That contraction of Muller’s orbital 
muscle or growth of the harderian gland does not cause the edema bj'" inter- 
ference vuth the vascular drainage of the orbit has been shoum in earlier e.xperi- 
ments (12). The finding that the water content of non-orbital tissues is also 
increased may be correlated with clinical observations of localized edema in 
non-orbital tissues of persons vith exophthalmos (2, 4, 5). 

CONCLUSIONS 

1. Injection of an extract of anterior pituitary'- glands into thyroidectomized 
guinea pigs causes an exophthalmos and a hypertrophy of the orbital fat, 
which is almost entirely due to an increase in the water content of this tissue. 

2. No change occuis in the lipid content of the orbital fat of these exophthal- 
mic animals. 

3. There is a marked increase of connective tissue in the orbital fat of exoph- 
thalmic guinea pigs. 

4. The hypertrophy of the extraocular muscles which occurs in experimentally 
produced exophthalmos is largely caused hy an increase in the water component. 
Some of the increase in water, however, is apparentl}^ due to normal growth. 

o. The percentage of water found in pooled specimens of skeletal muscle of 
exophthalmic guinea pigs is not significantly greater than that in muscles from 
normal and thyroidectomized control guinea pigs. 

6. In contrast to the orbital fat, the peritoneal fat depots do not increase in 
weight in exophthalmic animals, but the injection of anterior pituitary extract 
into thyroidectomized guinea jiigs causes an increase in the water content of 
the peritoneal fatty tissues. 

7. The orbital fat contained much more water than the peritoneal fat in 
normal and thyroidectomized guinea pigs. 

8. Ablation of the thyroid gland had no effect on the weight of the extraocular 
muscles, orbital and peritoneal fat, or on the water content of the muscle.s and 
peritoneal fat, but did cause a slight increase in the water component of the 
orbital fat tissue. 

I wish to express my appreciation to ^Ii.ss Victoria Ozanics for her able as- 
sistance in this study. 
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VTien striated muscle contracts in the presence of an inadequate oxygen 
supply, the accumulation of lactic acid is accompanied bj'' a loss of phospho- 
creatine (PC) and an accumulation of inorganic phosphate. At high rates of 
contraction there is also an accumulation of hexosemonophosphate (HiMP). 
The amount of adenosine triphosphate (ATP) usually does not change. In 
mammalian muscle contracting with noimal blood suppl 3 % these phosphate 
changes apparently stop ivhen the oxygen supply becomes adequate (3, 11). 

The Embden-Meyerhof formulation of phosphorylating glycolj’^sis, based on 
studies of enzyme sj’^stems in cell-free extracts, postulates a large number of 
phosphate interchanges between these compounds and numerous others which 
have been found onlj^ in such extracts, as integral parts of the formation of lactic 
acid. An alternative formulation has been presented (9) in which onlj'^ the 
phosphate changes actually observed are considered to take place. According 
to this, the hydrolj'sis of the potassium salts of PC furnishes alkali to buffer the 
lactic acid, and the formation of HMP is interpreted as a secondary mechanism 
for suppljdng energy under anaerobic conditions when the glycolytic mechanism 
is insufficient. 

Still a third formulation has recentlj’' been proposed bj’’ Needliam et al. (0). 
This is based on the finding by Engelhardt and Ljubimova (2) that mjmsin acts 
as an en^one in hydrolyzing ATP to adenosine diphosphate and inorganic 
phosphate. Needham and liis co-workers have attempted to link the chemical 
and phj'sical processes in contraction, by postulating the formation of myosin 
phosphate in this reaction, with the myosin in the extended state. In the con- 
traction processes, the nerv-e impulse is considered to cause the liberation of 
inorganic phosphate from the myosin compound, with return of the myosin to 
the contracted state, and corresponding contraction of the muscle fibril. The 
ATP is then restored by some phosphate donor. Several possible donors are 
mentioned, but since PC is the only one present in quantity, this must be the 
ultimate source of phosphate for this resynthasLs. Some other unspecified reac- 
tion process must then resynthesize the PC from inorganic phosphate. 

Obviously, the over-all changes in the contracting muscle do not give any 
information on possible intermediate steps. On the other hand, before either 
the Embden-Mej'crhof or Needham formulation can be accepted as valid, it is 
desirable that direct evidence for such interclianges of phosphate groups bo found 
in the intact muscle. The use of radioactive phosphonis (P^*) as a tracer offers 

* Supported in part by a grant from the John and ^lary R. Tvlarkle Foundation. 
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the means of determining whether such interchanges do take place, if conditions 
can be found in which the resting metabolism of muscle results in a differential 
distribution of P®- among the various organic compounds. If the Embden- 
Meyerhof cycle is operating in contraction, then stimulation should result in 
equalization of the distribution of among the three organic compounds; if 
the mechanism postulated bj’’ Needham is active, an equalization should take 
place between the PC and- ATP. On the other hand, if neither set of phosphate 
interchanges is mvolved in the contraction process, stimulation should not 
effect any such equalization in the distribution of the P®^, 

In previous experiments using the tracer technique (8) it was found that a 
prolonged tetanic contraction under essentially anaerobic conditions did not 
affect the distribution of the P^-. However, evidence was obtained (10) that the 
course of resting muscle metabolism does involve interchanges of phosphate 
groups between PC, the two labile groups of ATP, and inorganic phosphate. It 
was therefore concluded that the phosphorylating glycolysis should be referred 
to the resting metabolism of muscle rather than to the metabolism of anaerobic 
contraction. 

These findings do not exclude the possibility of such phosphate interchanges 
during oxidative contraction, without anj’- over-all changes in phosphate dis- 
tribution. To test this possibility, the effect of a prolonged series of single 
twitches on P®- distribution Avas deteiinined. The experiments were performed 
on cats under pentobarbital anesthesia. The solution containing the P®^ in 
the form of Na 2 HP 04 was injected subcutaneously, and the stimulation per- 
formed two hours later. Previous work (10) had shovm that this time is opti- 
mum for obtaining a differential distribution of the P^^. One gastrocnemius 
muscle Avas subjected to 120 to 180 isometric twitches, by condenser discharges 
through the nerve, at the rate of 1, 2, or 3 per second for 1 or 2 minutes. This 
muscle and the companion resting muscle A\’'ere then frozen, and the phosphate 
compounds isolated from trichloroacetic acid filtrates by the methods used 
preAdously (10). Measurements of relattye radioactivity AA’^ere made by a 
Geiger-Miiller counter. The effect of the stimulation on the contents of in- 
organic phosphate, PC, ATP and HMP AA’^as also determined. In the table 
beloAV these data are given, A\ith the figures for P content of the stimulated 
muscles corrected for the uptake of AA-ater-from the blood stream during the 
stimulation period. This Avas done by multipljdng the obserA^ed Amlues in milli- 
grams per cent, bj' the ratio of total acid-soluble P of the resting and stimulated 
muscles. 

The results sIioaa* no eAudence for phosphate transfers resulting from the 
stimulation. In cA’-ery case in Avhich the resting muscle shoAA’^s an unequal dis- 
tribution of P^^ betAA'een any Iaa’-o of the organic compounds, this unequal distri- 
bution is retained in the companion stimulated muscle. The only changes in 
P^- distribution are those indicated by the changes in distribution of the total P. 
Thus neither in anaerobic contraction nor in contraction under oxidatNe condi- 
tions is there any CAudence for either the Embden-Mej^’erhof or the Needham 
cycle of phosphate interchanges. These data add considerable weight to the 
conclusion preAUously indicated (10), that there is a qualitatNe difference in the 
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pathways of carbohydrate utilization in resting metabolism and in contraction. 
Other data in support of this %dew are the finding (7) that the point at which 
iodoacetic acid inhibits lactic acid formation in anaerobic contraction is different 
from that at which the reactions in extracts are inhibited, and the important 

TABLE 1 

Effect of repeated isometric twitches on distribution of P” and of total P in muscles of cats 
In each space the upper figure represents radioactivity, as counts per minute per milli- 
gram of P. Lower italicized figure gives P content in milligrams per cent. II = Resting 
muscle. S = Stimulated muscle. 


CAT KO, 

IKORGAKIC 

P 

PHOSPno- 

CREATIKE 

ADENOSINE 
TIUPnOSPHATE 
(2 lABILE 
GROOFS) 

HEXOSEMONO- 

phosphate 

STDn 

Rate per 
second 

JIATION 

Duration 

minutes 

1 R 

565 

99 

156 

260 




H 

70 

37 

9 



1 S 

352 

108 

181 

243 

1 

2 


S5 

37 

23 

9 



2P. 

530 

51 

161 

83 





49 

42 

12 



2 S 

385 i 

82 ; 

157 

72 

1 

2 


47 ! 

26 

1 

44 

H 



3R 

392 

42 

145 

89 




17 


26 

10 



3 S 

1 262 

34 

87 

47 

1 

2 


30 

50 

27 

10 



4P. 

1 258 

23 

26 

147 




27 

61 

38 

10 



4 S 

130 

34 

33 

95 

2 

1 


i 4t 

t 

39 

28 

15 



5 R 

r -■ "■ 

505 

84 

73 

107 




t 18 

58 

38 

10 



5 S 

321 

103 

64 

100 

3 

1 


40 

18 

38 

30 




obsen-ation by Stannard (12) that azide inhibits completely tlie excess oxygen 
uptake by frog muscle resulting from contraction, in concentrations which do 

not affect the oxvgcn uptake of resting muscle. 

In the previous ex-periments (8) no account was taken of the possible difference 
in P’- content of extracellular and intracellular inorganic phosphate. Attention 
has been called to this by two reviewers (-1, 5). However, the essential conclu- 
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sion indicated in that paper is not invalidated, for there too it was found that 
contraction did not modify the P®- distribution between anj’- two of the organic 
compounds. The study of resting muscle with this tracer ( 10 ) has shown that 
inorganic phosphate enters into the intracellular inorganic phosphate only by 
hydrolysis of PC or ATP formed at the membrane. Hence the level of P^“ in 
the intracellular inorganic P does not exceed that in PC or ATP. The interpre- 
tation there given has been strengthened by the results of Bollman and Flock ( 1 ). 
They found that in rats treated with P®^ the resjmthesis of PC in recoi'^ery from 
contraction did not raise the P^- level of the PC be3^ond that of the resting muscle. 
The very high P"^ content of the muscle inorganic phosphate is therefore ascrib- 
able to the extracellular phase and the unavoidable inclusion of some blood in 
the muscle sample. 

In agreement vuth the finding of Bollman and Flock, the present data show no 
evidence for an increased uptake of P^^ (Jui-ing the stimulation period. This 
point again argues against the view that the phosphate interchanges are a 
fundamental part of the metabolism of contracting muscle. 

The point of view here presented does not in anj’' waj'" invalidate the experi- 
mental finding of Engelhardt and Ljubimowa that mj'^osin is the enz3me which 
h3’’drol3’’zes ATP. Since there is obviously a breakdown and res3mthesis of ATP 
in resting metabolism, the experimental data show that such an enz3’me is 
operating in resting metabohsm. However, this obsen^ation, which seemed at 
first to offer a link connecting the chemical and ph3^sical processes in contraction, 
fails to meet the test of experiment. 

The radioactive phosphorus used in these experiments was supplied ID3’’ the 
Department of Ph3'^sics of the University of Michigan. 

SUMMARY AND COltCLUSIONS 

1 . The effect of a prolonged series of tivitches on interchanges Iietween the 
phosphate compounds of muscles has been studied b3^ means of radioactive P. 

2 . Such contractions, under essential^’' oxidative conditions, do not bring 
about interchanges between phosphocreatine, adenosine triphosphate, or 
hexosemonophosphate . 

3 . Under these conditions, the contraction process does not result in an3^ 
increased exchange of intracellular phosphate groups with plasma inorganic 
phosphate. 

4 . The evidence obtained indicates that neither the Embden-Me3'’erhof phos- 
phor3dating gU’-colysis nor the enz3’-me function of m3'osin are concerned directl3' 
with the chemistiy of muscular contraction. 
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When man is subjected to high environmental temperature a series of physi- 
ological adjustments occurs which reduces the debilitating effects of the heat. 
The major adjustments take place during the first few daj's in the heat (1). 
Heat acclimatization is obviouslj’’ lost in a cool environment but the rate at which 
this happens seems to be little knovTi, A surve}’’ of the available literature has 
failed to reveal any reports specifically concerned with this problem. The per- 
sistence of heat acclimatization is of importance in man 3 ' practical situations, 
notably in mihtary operations. 

This paper is a report on 4 series of experiments involving 24 men who were 
studied at high temperatures on two occasions from 1 to 4 weeks apart. The 
environment, plij’^sical work, and diet were rigidly controlled. 

Subjects. The subjects were normal 3 ’'oung college students free from phj'sical 
defects that might influence cardiovascular adjustments. Ages ranged from 19 
to 28 j'^ears. 

The subjects remained continuously in the air-conditioned suite at the Labora- 
tory from the afternoon preceding each exposure to liigh temperatures to the end 
of each experiment. During the 1 to 4 week intervals between exposures to the 
heat the subjects were not at the Laboratory. The experiments were perfonned 
during the rvinter months so that the subjects encountered high temperatures 
only during the experiments. 

Procedure. A standard regimen of observations, phj’-sical work, rest and 
diet was maintained in the 4 series. The length of the intervals between ex- 
posures to the heat was 1, week in series I, 2 weeks in series II, three weeks in 
series III and 4 weeks in series IV. 

For each experiment the routine consisted of work during two successive after- 
noons at 78°F. followed by two full da 3 ^s of Avork at temperatures of 110°F. in 
the mornings and 120°F. in the afternoons. Night temperature Avas 85° to 
90°F. RelatNe humidit 3 '' Avas held constant at 20 to 25 jaer cent saturation. 

The physical Avork consisted of Avallung on a motor-drh’-en treadmill at a con- 
stant rate of 3.25 miles per hour and a 7.5 per cent angle of climb. Work of this 
intensity demands an ox 3 ’-gen consumption at about 7 times the basal rate. 
Each half day’s Avork consisted of 6 ten-minute AA’ork periods alternating AAuth 

1 This work was supported in part under the terms of a contract, recommended bj’- the 
Committee on Medical Research, between the Regents of the Universitj' of Minnesota and 
the Office of Scientific Research and Development. Important financial assistance was 
also provided by the Nutrition Foundation, Inc., by the U. S. Cane Sugar E,efiners’ Asso- 
ciation, N. Y., by the Corn Industries Research Foundation, N. Y., bj' the National Con- 
fectioners’ Association, Chicago, and by Swift and Co., Chicago. 
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fen-raimite rest periods. Standard clothing of cotton shorts, shoes and socks 
-ivas used for n'ork and one-piece U. S. Army Armored Force battle dress (cotton 
drill) was used driring the evenings. 

Pulse rates were counted before and during the first 15 seconds immediately 
after each work period. Rectal temperatures were taken with a clinical ther- 
mometer for the first 90 seconds after the third and sixth Avork period each morn- 
ing and afternoon. Cramptom (2) “blood ptosis” tests were made before and 
after each da3"s’ work. Body weights were recorded each morning before 
breakfast and Anth an empty bladder. The subjects were AA'eighed to ounce 
nude and dried before and after the third work period each moiningand the si.xth 

TABLE 1 


The grand averages of ike physiological variables measured in the four series of experiments 

for the 1st and 2nd exposures to the heat 



WORK PCtSE R,ITE-BEATS/ 
ittK. 

RECTAL TEl/PEEATURE, 

F. 


CRAXfPTO.V SCORE 


P-OOM TEMP. 

78» 

110° 

120° 

110° 

120° 

78° 

110° 

120° 

110° 

120* 

78° 

90° 

120’ 

90’ 

! 120° 


F. 

F. 

F. 

F. 

F. 

F. 

F. 

F. 

F. 

F. 

F. 

F. 

F. 

F, 

1 F. 

t 


p.m. 

a.m. 

p.m. 

ajn- 

p.m. 

p.m. 

a.m. 

p.m. 

a.m. 

p.m. 

p.m. 

a.m. 

p.m. 

a.m. 

p.m. 

Series I 
















1st e.xposure. . 

112 

134 

145 

120 

136 


99.9 


99.6 


71 

71 

56 

64 

59 

2nd exposure. 
Series 11 

109 

127 

132 

127 

126 


99.7 


99.5 

99.9 

67 

58 

65 


6.3 

1st exposure, . 

109 

132 

139 

122 

■ini 


99.7 


99. S 


68 

66 

44 

54 


2nd e.xposure. 
Series III 

110 

123 

123 

117 

ISo! 

125 

99.9 

99.6 

99. 9j 

99.6 


GG 

77 

52 

69 

66 

1st e.xposure. . 

117 

141i 

1.51 


155j 





Tot 

76 

46 

64 

50 

2nd e.xposure. ^ 
Series IV ; 

112, 

j 

140! 

i 

149 

134j 142| 

1 1 

t t 

H 

■m 


GO 1 

i 

71 

49 

64 

64 

1st expo.surc. 

110; 

1.381 

Rni 

129 

137j 

142- 

1 

99.9! 


79 ; 

64 

44 

m 

64 

2nd exposure. ■ 

{ 

113| 

isoj 

139| 

I2S: 

IC0.1[ 



63 ; 

65 1 

t 

40 1 

54 j 

61 


* A higher .score means a better adjustment. 


trork period each afternoon for rates of sweating. Twentj'-four hour urine 
output and fluid intake volumes were recorded for the two da\'s in the heat. 

A constant diet was provided by a trained dietitian for three days preceding 
and during each experiment. Tlie diet contained about 3,100 calorics and was 
normally balanced in carbohydrate, protein and fat. It was adequate according 
to current standards in all the \-itamins and provided J5 =fc 2 grams of sodium 
chloride daily. Water was allowed ad lib. 

REStrixs. The grand averages for the physiological variables measured and 
the .statistical evaluation of the mean (t-values, Goulden, 3) are given in tal)lc.s 1 
and 2. Each half day’s pulse rate repre.sents the average of from 24 to 48 
individual work pulse rate counts. Similarly the rectal temperature valuc.s for 
each half day represent the average of 12 to 24 determination.s. 

Tlie work pul.«e rates Avere significantly lower on the second exposure for !»th 
the first and second afternoons in the heat in scries I and II. In series III the 
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advantage of having lieen partially heat acclimatized three weeks previouslj" 
showed up onl}’ on the second afternoon in the heat. For the four week interval 
(series IV) there was no hold-over effect. The morning work pulse rates in the 
heat and the afternoon values at normal temperatures (78°F.) were not signifi- 
cantljr different between the first and second exposures in any of the series. 

The rectal temperatures exhibit the same progressive decline in hold-over 
effect as do the work pulse rates. The rectal temperature differences are signifi- 
cant for both the first and second afternoons in the heat when the interval 
between exposures is only one week (series I). The two and tliree week interval 
groups (series II and III) are improved on either the first or second afternoon 
in the heat but the four iveek group (series IV) ivas not improved on the second 
exposure. 

In general the Crampton test demonstrated no benefit derived from a previous 
exposure to heat except on the first afternoon in series I. Even though the t- 

TABLE 2 


i-valucs for the differences between the means of the physiological variables for the two exposures 

to the heat on the Isl and 2nd afternoons 

A negative t-value indicates a higher mean obtained on the second exposure to the heat 



WORK PULSE 
BEATS/MIK. 

RECTAL TEMP., °F. 

CRAMPTON SCORE 

t-VALUES 

FOR 


2nd p.m. 

1st pjp. 


1st p.m. 

2nd p.m. 



Series I 

5.013 

7.752 

3.279 

3.333 

-2.388 


3.50 

2.30 

Series II 

3.543 

0.122 


1.957 

-0.959 

-0.304 

4.00 

2.78 

Series III 

2.05 

5.312 


5.035 

-0.421 

-1.879 

3.71 

2.45 

Series IV 

0 

1.935 



-0.452 


5.84 

3.18 


values are not significant there is, however, a progressive trend toward a lower 
t-value as the interval between the two exposures to heat is greater. The Cramp- 
ton test has previously been found t-o be a less sensitive index of the state of 
acclimatization than are the work pulse rates and rectal temperatures (1, 4). 

The grand averages for the observations on water balance during work in the 
heat are given in table 3. There was no significant difference or trend in the rate 
of sweating during work, fluid intake, urine output or weight loss between the 
first and second exposure to the heat in anj"" of the 4 series. The absolute values 
are about the same as those observed by the authors in other studies when the 
woi'k output and temiieratures were comparable. It is, however, interesting that 
in series I and II the calculated total sweat volume was nearl}'' liters less during 
the second exposure to the heat. In series III it was only slightly decreased 
while in series IV it was ^ liter gi’eater. 

Discussion . We have noted the absence of previous reports on the persistence 
of heat acclimatization. In the popular press there have been statements that 
German troops destined for hot weather service in the African deserts were 
“conditioned” in heated buildings in Germany. From the present results it is 
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clear that siich preparation might be of real value even though as long as several 
weeks elapsed between acclimatization in Ge^nan 3 ^and the operation in Africa. 

TABLE 3 


Average values for water balance during the two datjs in the heat 



SATE or S\^'EATIXG, CEAMS/ill};. 

V.^ATER 


EODV 

! 

CAicvLArzn 


ajn. 

120"F., 

p,m. 

liOTr-. 

a.m. 

320T,, 

p.ni- 

INTAKE 

OUTPt’X 

IVEIGHT 

CHANGE 

TOTAt 

SWEAT* 






tilers 

liters 

ounces 

liters 

Series I 









1st exposure 

9.3 

12.6 

8.1 

12.6 

9.713 

1.669 ' 

-{-6 

8.700 

2nd exposure 

Scries H 

9.5 

11.9 

10.8 

13.6 

9.841 


+32| i 

1 

7.390 

1st exposure 

9.6 

11.6 

10.2 

22.2 

10.110 , 

2.477 ! 

' -f22 

7.722 

2nd e.vposure 

8.2 

13.1 

9.1 

12.3 

1 6.845 


-a 

6.343 

Series III 






1 i 

1 1 



1st exposure 

11.7 

13.2 

13.2 

14.6 

9.937 


-m 

9. 382 

2nd exposure 

12.1 

13.3 

13.3 

13.7 

11.009 

2.829 

1 * ’i 

S.839 

Series IV 









1st exposure 

9.8 

12.5 

11.2 

13,3 

9.539 


-flOl 

7.640 

2nd exposure 

9.7 

11.2 

10.1 

12.2 

9,842 

2.156 1 

•f-17 

7.952 


* Total sweat = (water drunk + water in food + water of metabolism) — (urine output 
4- water in fcccs + water in expired air) ± (bodj' weight change during the two days in 
the heat). 


TABLE 4 


The number of individuals showing a change in physiological variables between the two ex- 
posures to the heal on the 1st and 2nd afternoons of wort: 


1 

WORK PULSE KATE 
CnANCE GREATER THaK 

5 BEATS/inNUTE 

RECTAL TEITPERATCRE 
aiASGE GREATER 
THAN 0.2*F. 

CRA’^IPTOK SCORE OUNCE 
^ GREATER THAN 5 

In- 

crease 

Xo 

change 

De- 

crease 

In- 

crease 


JM 

|n 

m 

De- 

crease 

Series I 








i 


1st p.m. heat 

0 

I 

7 

0 

2 

G 

4 

f 3 

1 

2ncl p.m. heat — 

0 i 

1 

1 

7 

0 

1 

f 7 

0 

! 3 

0 

Scries II 




1 

! 





1st p.m. heat 

0 

0 

5 

0 

0 

5 j 

2 

2 

' 1 

2nd p.m. beat 

0 

0 

5 

0 

2 

3 

1 »> 

- ! 

2 

1 

Scries III 







i 



1st p.m. heat 

0 

7 

0 

2 

1 

4 1 

4 , 

2 

1 

2nd p.m. heat 

0 

0 

7 

0 

0 

7 ! 

S 

G 

I 

1 

0 

Series IV 







1 



Jst p.m. heat 

1 

2 

1 

1 

0 

3 ! 

2 

1 i 

1 

2nd p.m. heat 

3 

1 1 

« i 

2 

0 1 
t 

2 J 

1 

1 

1 ; 

> 

2 


We ha’i'e no infoimation as to the pei=istence of acclimatization after a first ex- 
posure of less than or more than the 2-da.v period used liere but it may he pre- 
sumed that, a longer exposure might result in .somewhat more persistent ac- 
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cliniatization. Another question of interest would be the possible accumulation 
of ability to acclimatize to the heat through repeated exposures. 

Indmduals differ markedly in their response to work in heat but individual 
variations were not prominent in these studies on persistence of heat acclimatiza- 
tion. Table 4 gii’^es the number of individuals in each series who showed a 
change in the plwsiological variables between the first and second exposures to 
heat. “Real” differences were arliitrarity considered to be changes of 5 beats per 
minute for work pulse rate, 0.2°F. for rectal temperature and 5 points for the 
Cramp ton score. Work pulse rate is the most sensitive index of the condition of 
the subject in the heat. The unifoiTnity of behavior of tliis variable in the several 
subjects is notable in the fh-st 3 series. The rectal temperature is less reliable and 
the Crampton test is the least consistent variable studied. 

The detailed nature of the changes in acclimiatization to heat is unknown but 
they are exhibited largely in cardiovascular effects and the principal components 
are the heart, the blood volume, and the constriction and dilatation of the ap- 
propriate blood vessels. Presumabty these are of increasing importance in the 
order named. Accordingly it would seem that the autonomic nervous system 
dominates the picture. 


SUMMARY 

1. The performance of muscular work in diy heat was studied in 24 normal 
3 " 0 img men. The diet, environment and ivork routine were carefully controlled 
during the stay in the heat. 

2. Comparisons were made between the performances in the heat on two oc- 
casions of 2 days each separated by from 1 to 4 weeks of cold weather. 

3. Work pulse rates, rectal temperatures and, to a lesser degree, vasomotor 
stability tests showed that heat acclimatization persists during at least three 
weeks of cold weather. The benefit conferred by this acclimatization is im- 
portant for this time but the advantage decreases from week to week. 
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The use of an autoclaved pectin solution as a blood substitute has been advo- 
cated hy Hartman and associates (1) on the basis of its colloidal osmotic pressure 
and its capacity to restore effective circulating volume and arterial pressure after 
hemorrhage and experimental procedures causing shock. 

.This report is concerned (a) AHth the question whether .such solutions adminis- 
tered after standard periods and degrees of posthemorrhagic hypotension prevent 
the development of an irreversible state, and (b) with an anab'sis of hemic and 
hemodynamic actions foUovdng their use under such conditions. 

Preparation. A l.o per cent solution of autoclaved pectin kindly supplied by 
Frederick Steams & Co., Detroit, was used in these experiments. Various 
shipments were stated to have a viscosity of 3.58 to 4.86, and osmotic pressures 
between 67 and 68.7 cm. H 2 O. The micellar aggregate size was about 60,000. 
In some experiments solutions with a pH of 3.68 to 3.9 were brought to 6.9 to 
7,2 by phosphate buffers recommended b}' Hartman et al.; in other c.xperiments a 
buffer supplied vith the pectin and containing glycine, lactate and sodium ly'- 
dro.xide was added in recommended amounts. These brought solutions to a pH 
of 6.6. 

Part I. The suhstituie value of pectin solutions. Since conclusions as to the 
substitute value of a solution depend not onh’’ on its properties but also on the 
conditions under which it is tested, the procedure used and the reasons for its 
adoption must be briefly stated. 

Dogs anesthetized vith morphine and biologically standardized do.scs of 
sodium barbital (2) were bled at a rate of 50 ml./min. until mean arterial pres- 
sure was reduced to 50 mm. Hg. Any tendency to increase was neutralized 
by bleeding a little more from time to time. In this way, a 50 mm. hypoten.sion 
period was maintained in different animals from 30 to 120 minutes. If no infu- 
sion was given after 30 minutes, arterial pressures failed to recover-. If, hou'cver, 
the animal’s oA\-n blood (heparinized) was infused after 90 minutes of such hyper- 
tension, 90 per cent of animals recovered. Indeed, the small percentage of 
deaths can proljably be accounted for by failure fully to prevent certain hazards 
in the dravlng and keeping of such blood (inadequate heparinization, faulty 
filtration, etc.). Not only was aortic pre.ssure restored but the pressure pulses 
maintained a normal form for 6 to 8 hours after such infusions. V ith such 

I This investigation was supported by a grant from tiie Commonwcaltii Fund. 

" Rockefeller Travelling Fellow. 


32G 



PECTIN SOLUTIONS AND POSTHEMORRHAGIC HYPOTENSION 


327 


actions of a presumably ideal, transfusate after large hemorrhages, the effects of 
autoclaved pectin solutions were compared. 

The procedure was chosen 1, because previous experiments (3) indicated 
that any damaging influence of severe hemorrhage is correlated better with the 
degree and duration of the hypotension induced than with the quantity of blood 
withdravTi, even when bleeding occui’s at constant rates, and 2, because it afforded 
variable periods for development of the damaging effects of a standard hjqioten- 
sion. Furthermore, since a good blood substitute should not merely restore and 
maintain the effective circulating volume and arterial pressure, but should also 
prevent the development of an irreversible state under conditions in wliich the 
animal’s ovm blood does so, this method seems to offer a test which is more nearty 
comparable with situations arising in practice than procedures in which blood is 
immediately replaced after a hemorrhage. It seems liighly improbable that, in 
practice, a large hemorrhage can be checked and a transfusion given in less than 
the minimal interval of 30 minutes used in these experiments. 

Results. In various experiments pectin infusions were given at a rate of 3~5 
ml./min. after existence for 30, 50, 90 or 120 minutes of a 50 mm. post-hemor- 
rhagic hypotension. Even faster rates of infusion were tolerated bj’- normal 
animals without adverse effects, as revealed by optical pressure curves and elec- 
trocardiograms. Nor were gross pathologic disturbances seen in anj^ organ 
at autopsy. 

Thirty-two dogs, exclusive of controls, were used. In 19 of these, the volume 
of pectin solution practically equaled the volume of blood withdrawn; in 7 it 
was about 65 per cent of the blood lost. In 6 dogs, 80 per cent of the blood was 
replaced by pectin and this was immediately followed b}’’ an infusion of 20 per cent 
of the animal’s OA^^l heparinized^ blood. 

Of the 32 dogs, 10 recovered from pectin infusions, 17 died from a precipitate 
type of circulatory failure and 5 after a delaj’-ed failure. A “breakdown” of 
these results is of interest. In 1 experiment the infusion was started after two 
hours of 50 mm. h 3 '’potension; in 3, after 90 minutes and in 7, after 40 to 49 
minutes. All of these animals died quicklj'-. In 3 animals winch developed a 
precipitate .shock following pectin infusions, the animal’s blood was reinfused. 
This onlj’- revived the animals temporarily. This is additional evidence that an 
irreversible state had developed despite infusion of pectin solutions. On the 
other hand, of the 19 animals in which infusion began after 30 minutes of h^’^po- 
tension, a satisfactoiy dynamic recoveiy of the circulation occurred in 11 while a 
precipitate or delajmd circulatoiy failure occurred in 8 dogs. It seems apparent 
that the- usefulness of autoclaved pectin solutions after severe hemorrhage is 
restricted to the earl}’' periods of hj’-potension which follow. 

For this reason, onl}^ the latter experiments merit further analysis. Details 
of these are given in table 1 and plots of representative experiments illustrating 
circulatoiy recoveiy, dela 3 md and precipitate chculator}'' failure are shovm in 
figures 1, 2 and 3. In 6 experiments in Avhich smaller blood transfusions followed 

5 We are indebted to Rocbe-Organon, Inc., Rahway, N. J. for the Liquaemin used in these 
experiments. 




FIG.3 

Fig. 1. Circulatory recovery. 

Fig. 2. Delayed circulatory' failure. 

Fig. 3. Precipitate circulatory- failure. Plots in all indicate 1 , amount and rate of blood 
v.-itlidraw-n (dov.-nstroke) and volume and rate of pectin infused in milHlUor-s; 2, mean 
arterial pressure in millimeters of mercury; 3, clTcctivo venous pres.sure in centimeters 
saline; 4, hematocrit re.adings as percenta-ge of red cells. Belorv segments of central pre.s- 
surc pulses taken at times indicated by arron's and in figure 3 an e.e.g. 
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use of pectin certainl 3 ^ no incompatibilities developed; on the contraiy, these 
infusions appeared to be beneficial. 

Part II. Hemic effects of 'pectin solutions. Small samples of arterial blood 
•were dravm periodicallj'- to studj’’ blood changes. Rapid sedimentation rates 
and pseudoagglutination (microscopic and macroscopic evidence of clumping) 
were found in' blood mixed vith pectin in the bodj’’ as well as in vitro. However, 
no postmortem evidence of stasis, congestion, infarction, etc., was found in 
survival animals. Animals that went into shock usuallj’’ revealed duodenal 
mucosal changes which were similar to but paler than those of animals dying 
without such infusions (3). 

As showm in the plots of figures 1, 2 and 3, the arterial hematocrit readings 
were reduced after a 30 mmute period of hj^otension, as anticipated. In 
a few cases (expts. 2, 13, 14, 15, fig. 1, columns 1, 2) the decrease may not have 
been significant and in two instances (expts. 1, 18) an apparent concentration 
occurred. These few exceptions bring up the question whether stock animals 
used for such experiments are always in an adequately hydrated state. In three 
animals (expts. 6,7,8), the spleen was exteriorized and while emptied of its blood 
by a small dose of epinephrine, its pedicle was clamped. In all of these animals, 
hemodilution occurred after hemonhage, indicating that this organ is not re- 
sponsible for changes observed after hemorrhage. These observations are suffi- 
cient to indicate that at the time pectin solutions were injected, a state had not 
been reached when fluid was lea\dng the circulating S 5 ’’stem; on the contrary, 
the flow of water seemed to be toward the blood stream. 

The effects on hematocrit readings 3 to 5 minutes after recirculation of the 
infused pectin and at the end of 4 to 6 hours are shovm in figures 1, 2 and 3 
and in columns 3, 4 of table 1. The fii'st seiwes as a rough index of the effective 
dilution due to the injected solution itself; the latter gives some idea as to 
osmotic capacity for attracting water exerted by colloidal pectin a few hours 
after infusion. In each of the experiments in which pectin only was injected 
(expts. 1-13) a tremendous additional dilution occurred at once. Red ceU 
volumes decreased 13.9 to 19.3 per cent in all except the three splenectomized 
animals in wliich thej’- decreased only 6, 8.6 and 8.4 per cent respectively. Curi- 
ously, an equal or even greater reduction occurred m the five experiments in 
which an infusion of some blood followed use of pectin solutions (expts. 15-19). 

Many plots similar to those of figure 1, 2 and 3 showed, \vith few exceptions, 
that no further reduction in hematocrit values occurred, and at the end of 4 to 6 
hours thej' increased gradually. Of course, the readings were much less than at 
the beginning (cf. columns 1 and 4, fig. 1). The significance of such observations 
must be tempered bj' the Icnowledge that animals under morphine and barbital 
ordinarily show a progressive hemoconcentration of even greater magnitude (4). 
However, if injected pectin' solutions exert anj’’ osmotic attraction for tissue fluids 
after hemorrhage this must be small. These reactions follovdng severe hemor- 
rhage are apparentty different from those observed on normal animals and man 
(1, 5). On the other hand, the degree of dilution acliieved b 3 ’‘ its infusion seems 
to be maintained for 4 to 6 horn’s. 
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A review of our results shows, however, that the persistence of low hematocrit 
readings does not correlate with recoverj^ of blood pressure in our experiments; 
on the contrary, animals which showed the greater tendency to return to normal 
concentrations were the ones that recox^ered (cf. expts. 1, 2, 4, 5, 13, IS, with 
expts. 7, 8, 9, 10, fig. 1). "\i^Tiile no relation of increasing hemoconcentration 
to recover3^ can be claimed, the results strongh’’ suggest that the ability of a 
solution tn maintain hemodilution cannot be used as a sole criterion of its djmamic 
usefulness. 


TABLE 1 


ZXP. 

EEifOE- 

DERA- 

TION' 

50 Mil. 
HITO- 
TENSIOK 

PECTCi' 

BtETER 


HZ2IATOCRIT 


ODXCO’-IZ 

EHAGE 

INTEsrON' 

1 

2 

3 

4 

1 

v.l./kilo 

30 

35 

vil.lkilo 

30 

Phosphate 

39.0? 

45.7 

26.4 

33.4 

Kecovery 

2 

38 

31 

38 

Phosphate 

46.7 

42.3 

28.4 

33.7 

Recover}' 

3 

47 

35 

47 

Phosphate 

54 

51.7 

51.7 

31.3 

Recover}' 

4 

46 

29 

46 

Phosphate 

49.0 


27 

37 

Recovery 

5 

42 

31 

40 

Phosphate 

51 

48 

22 

35 

Recover}' 

6* 

38 

30 

23 

Phosphate 

42.7 

33.5 

27.5 

30.0 

Puecovery 

7* 

28 

32 

28 

Phosphate 

45.2 

34.1 

25.5 

21.2 

Precip. shock 

8* 

0.0 

30 

11 

Phosphate 

40.5 

38.3 

29.9 

29.7 

Precip. shock 

9 

32 

34 

33 

Phosphate 

42.4 

36.8 

23.1 

20.9 

Precip. shock 

10 

40 

32 

25 

Phosphate 

49.3 

42,3 

29.5 

28.2 

Precip. shock 

11 

36 

31 

32 

Phosphate 

58.5 

52 

34.5 

38.5 

Precip. shock 

12 

33 

29 

29 

Phosphate 

53 

39 

2.5 

36 

Precip. shock 

13 

33 

31 

33 

Lactate 

41.5 

40 

2" 

42 

Recovery 

14 

40 

30 

20 -f 20B 

Lactate 

47 


31 

36 I 

Recovery 

15 

52 

3“ 

.93 -f 4B 

Lactate 

47.5 

46.5 1 

19 

34 1 

Recovery 

16 

33.5 

33 

40 -i- lOB 

Lactate 

50 J 

46 

22 1 

34 1 

Recovery 

17 

53 

31 


Lactate 

46.5 1 

35 

25 1 

26.5 ! Delayed shock 

18 

39 

25 

32 -h G.4B 

Phosphate 

37? ! 

41 

26 ! 

33 ; 

Recover}' 

19 

41 

30 

31 + SB j 

Phosphate 

41 1 

35 1 

24 

34.5 ! 

( 

Delayed shock 


* Splenectomized dogs. Hematocrit readings — (1) control, (2) at end of 50 mm. period 
h3’potension, (3) after infusion and recirculation of pectin, (4) 4--{> hours later. 


Part III. Elecirocardiograms and hemodynamic reactions. Electrocardio- 
grams (standard leads) were recorded during the course of most experiments. 
Segments of one of these are incorporated in figure 3. Xo changes of significance 
occun-ed either in animals that recovered or those that failed. During the period 
of ht’potension all deflections decreased in amplitude and during terminal slow- 
ing of the heart- the P-Pc intei^'al sometimes increased (fig. 3). In particular, no 
electrocardiographic evidence was obtained which suggested thrombosis or im- 
pairment of the coronary' or puhnonaiy circulations. Optical records of central 
arterial pre.ssure pulses were recorded in S animals. 

Segments of such pres-sure pulses obtained in animals responding differently 
to pectin infusions are shovm in figurc-s 1, 2 and 3. In figure 1 , from a dog which 
made a satisfactory hemodynamic recoverj*, an infusion of pectin .solution 
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equal to 65 per cent of the withdrami blood was given. Mean arterial pressure 
was not full3^ but satisfactoril3’' restored and it was maintained during the period 
of observation. The pulse pressure following infusion was somewhat less than 
during the control period, but the form of the pressure curve was normal and 
remained so for 4 hours. Incidentally, this experiment illustrates during the 
third and fourth hour a frequent occurrence in such revived animals, viz., a 
temporaiy decline of arterial pressure, 60 to 90 minutes after completion of in- 
fusion. This was alwa3’'s followed by a secondaiy rise which was maintained. 
During such temporary drops the form of the pressure pulses did not deteriorate, 
and electrocardiograms showed no significant changes. 

Figure 2 illustrates a t3'’pe of experiment in which infusion of pectin solution 
was followed by a delayed circulatoiy failure. Immediate^ follo%ving injection 
the form of the pressure pulses was restored to normal. Gradual^q this deteri- 
orated, the cur\''es being characterized b3'' a large preliminar3’^ fling, a peaked 
S3’^stolic summit, deep incisura and progressively flattening diastohc part of the 
curve. These changes resemble those previously reported as characteristic of 
circulator3’' failure ( 3 ). It ma3’- be noted that in this experiment, as in others 
previously reported, circulatoiy failure developed despite gradually increasing 
effective venous pressure. 

Figure 3 illustrates one of the experiments in which reinfusion of full amounts 
of pectin solution failed to restore the form of pressure pulses even temporaril3’’ 
and a subsequent rapid deterioration. It vdll be noted that in this experiment 
the rate of infusion was slower, but similar precipitate shock also occurred in 
experiments in which a more rapid rate was used. 

Discussion. The data presented strongl3’- suggest that infusions of pectin 
solutions are ineffective after a 30 minute period of a 50 mm. Hg post-hemor- 
rhagic hypotension. Given at the end of 30 minutes, 11 out of 19 dogs showed 
satisfactoiy hemod3mamic reactions. This series is too small to venture opinions 
on a statistical basis, but certain reactions, particularl3’’ in animals that did not 
respond favorabty, suggest caution in the use of such solutions after severe hemor- 
rhage. It should be emphasized that qur deductions do not necessarib'' appl3'^ to 
states of hypotension produced otherwise than by loss of blood and particularl3’- 
when these are accompanied b3’^ hemoconcentration. 

We have confirmed man3'' obseiwations of previous workers, considered ade- 
quate for their clinical trial. Thus, after a post-hemorrhagic h3"potension of not 
too long duration, their infusion causes an immediate increase in pulse pressure, 
restoration of arterial pressure and generall3’' noimal forms of pressure pulses. 
Hematocrit readings suggest that hemodilution occurs b3’' Aurtue of the fluid 
injected and that a good degree of retention occurs for at least 4 to 6 hours. Evi- 
dence that blood volume is further increased b3’- virtue of an osmotic attraction 
of water from tissues is lacldng. However, tins ma3' be a virtue rather than a 
fault, for an excessive depletion of intemtitial and cellular water ma3' be harmful 
rather than beneficial after hemonhage. Recent evidence ( 6 ) indeed suggests 
that cellular water is alread3’’ utilized in the hemodilution which follows hemor- 
rhage. However, no correlation existed between maintenance of an initial 
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dilution of blood by pectin and Iiemodjuiamic recovery vhicii suggests that it is 
hazardous to rely on the demonstrated ability of pectin solutions — or for that 
matter a.n\ colloid ^to remain vithin the blood stream as a satisfactoiy criterion 
of its efficacy. Hemodjmamic recoveiy depends on more than the capacit}^ of 
an infusate to exert an adequate oncotic pressure. 

"ViTiile no direct e%T.dence Avas obtained either experimental!}^ or at the necrop- 
sies that the agglutination and rapid sedimentation is harmful, the occurrence of 
a rapid decline in arterial pressure and deterioration of pressure pulses in some 
of the expeiiments and the failure to overcome this by subsequent large infusions 
of the animal’s ovm blood certainly does not suggest that infusion of pectin 
solution dela3'S the deA’-elopment of an irreversible circulator}' state. It is con- 
cehmble, as lAy et al. (7) suggest, that a tendency to intravascular clumping may 
reduce ox}*gen supply more seiiously after severe hemorrhage than in animals 
having their normal quota of red corpuscles. Further experimentation, however, 
is required to establish this or other reasons for the too common unfavorable 
responses. 


SUMILART 

1. A 1.5 per cent buffered pectin solution exerting an oncotic pressure of G7 
to 68.7 cm. of Avater aa'rs injected at a rate of 3-5 ml. per minute after A’arying 
periods of post-hemorrhagic h}'potension (50 mm. Hg). 

2. The usefulness of such solutions is apparently limited to the early periods of 
such hypotension. GiA’^en after 30 minutes, 11 out of 19 dogs showed a satisfac- 
tor}-- hemodynamic response for 4 to 6 houi-s after administration. 

3. Pectin infusions, giA’^en after a post-hemonhagic dilution of Ijlood has 
already occurred, cause a further dilution by A'irtue of the fluid injected and tins 
is rather aa-cII maintained for 4 to 6 hours. Evidence that additional dilution 
results from osmotic attraction of AA’ater from tissues AA'as not found. 

4. No coiTelation existed betAA-een maintenance of hemodilution and faA'orable 
hemodynamic reactions; on the contraiy, the animals that recoA^ered usually 
shoAved some tendency to reconcentration. This suggests that the demonstrated 
ability of a colloid a, to maintain an effectiA’^e oncotic pressure OA’^er a considerable 
time inteiwal, and h, to increase blood A'olume in normal animals is not a satis- 
factor}' criterion of its physiological usefulness. 

5. While no evidence AA'as obtained experimentally or at necropsy that the 
rapid sedimentation and agglutination produced by such solutions is harmful, 
the occurrence of a precipitate failure of the circulation in too many experiments 
and the inability to overcome this by subsequent large infusions of blood suggest 
that pectin infusions nnuay exert some deleterious influence Avhen used after severe 
hemoiThage. Consequently, caution should be exercised in the employment of 
pectin solutions in such conditions. 

G. These conclusions do not necessarily apply to states of hypotension pro- 
duced otherAA'ise than by loss of blood and particularly Avhen hemoconcentration 
exists. 



PECTIN SOLUTIONS AND POSTHEMORRHAGIC HYPOTENSION 


333 


REFERENCES 

(1) Hartjian, F. W., y. Schelling, H. N. Harkins and B. Brush. Ann. Surg. 114: 212, 

1941; Hartman, F. W., v. Schelling, B. Brush and K. W. Warren. J. A. M. A. 
121: 1337, 1943. 

(2) WiGGERS, C. J. Physiol. Rev. 22: 74, 1942. 

(3) Werle, j. M., R. S. Cosby and C. J. Wiggers. This Journal 136: 401, 1942; Huizenga, 

K. H., B. L. Brofman and C. J. Wiggers. J. Pharmacol, and Exper. Therap. 
78: 139, 1943. 

(4) Green, H. D. et al. This Journal (In press). 

(5) Jacobson, S. D. and C. J. Smyth. Proc. Soc. Exper. Biol, and Med. 50: 218, 1942; 

Kozoll, D. D., F. Steigman and H. Popper. Ibid. 63: 67, 1943. 

(6) Lands, A. M. and W. Johnson. Proc. Soc. Exper. Biol, and Med. 49: 123, 1942. 

(7) Ivy, A. C., H. Grungard, F. Stein and F. S. Grodins. Surg., Gyn. and Obstet. 76: 

85, 1943. 



THE RENAL EXCRETION OP CHLORIDE BY THE NORMAL AND 
BY THE DIABETES INSIPIDUS DOG^ 

RUTH S. HARE, KENDRICK HARE axd DONALD M. PHILLIPS 
From Defartmeni of Ariatoiny, State University of Iowa, Iowa City 

Pi.eceived for publication Maj' 31, 1913 

The only obidous abnormalit3' of the diabetes insipidus animal is its excessive 
excretion of water; otherwise the renal function of such an animal, insofar as it 
has been studied (19, 25), is apparentlj' normal. The question, however, re- 
mains, whether this inabilit\' to reabsorb water is the fundamental deficiency of 
the diabetes insipidus renal tubule, or whether it is merelj' secondaiy to some 
alteration in the tubular rcabsoiption of solutes. The possibilitj^ of a disturbance 
in chloride excretion has been investigated raanj’- times, but the continuation of 
these e.xperiments indicates that no decisive answer has been obtained. This 
lack of success was probabl}* due to the concentration of most investigators on 
excretion alone, and it is extremel3' difficult to evaluate their data, since excretion 
is the net result of at least two variables, glomerular filtration and tubular 
reabsoiption. 

Some electrol3*tes are reabsorbed like glucose from the glomerular filtrate in 
definiteh' limited quantities. If the glomeruli, because of increased volume of 
filtrate or of an ele^’■ated plasma concentration, deliver such a substance to the 
tubules in an amount greater than the tubular capacit3'’ for reabsorption, the 
excess is excreted in the urine; phosphates and sulphates belong to this group. 
The maximal rate of tubular reabsorption of phosphate in the dog is 0.8 to 4.2 
mgm./min., but is dependent upon the acid-base balance of the animal (9), and 
is subject to vitamin and hormonal control (10). Goudsmit, Power and Bollman 
(7) showed that sulphate clearances as3Tnptoticall3’' approach the simultaneous 
creatinine clearances in dogs as the plasma sulphate is progressive^ increased. 
This indicates a low tubular maximum of sulphate reabsorption, and a recalcula- 
tion of their data reveals the maximum to be less than 10 mgm./min. 

A second 137)6 of renal reabsorption is comparable to the intestinal reabsorption 
of salt solution, in which the volume of fluid and the quantity of electro^de trans- 
ferred are closeN related. YTen a solution of sodium chloride is placed in a loop 
of gut, the salt is absorbed along mth most of the water, imtil a chloride-free 
fluid is left in the intestinal lumen. Vis.scher (’22) has pointed out the similarity 
of this process to the renal tubular rcabsorption of electroKi-e, where the parallel 
is especially close dunng water diuresis and in diabetes insipidas. If the dis- 
turbance in water reabsorption in diabetes insipidus is secondary to an abnormal 
electrolyse reabsorption, or more specifically chloride rcabsorption, it is probable 
that a mechanism of this kind is involved. 

Our primary- problem was to establish the behavior of ciiloride in tiie normal 
kidney, since this is extremely ill-defined and is essential to any hypothesis of an 
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abnoimal process in diabetes insipidus. We soon found that there was no appar- 
ent limit either to the amoimt of chloride excreted per minute or to its concentra- 
tion in the excreted urine. We were also unable to establish anj'- general 
relationship between chloride excretion and plasma chloride values. "^Tien we 
turned our attention to reabsorption, we found that there was no apparent tubular 
maximum for chloride, or, if there was such a limit, it was not attained when the 
quantity of chloride filtei’ed was increased as much as fourfold. If, hoAvever, the 
quantity of chloride reabsorbed Avas compared AAuth the quantity of AA'ater 
reabsoi’bed in the same time, a veiy definite relationship AA’as apparent, and one 
AA’’hicli Avas consistent from experiment to experiment and from one dog to another. 

Tliis relationship, the ratio of reabsorbed chloride to reabsorbed Avater, is not 
intended to express anything as simple as the concentration of the reabsorbed 
solution. Walker et al. ( 23 ), in studies on single mammalian nephrons, have 
shoAATi that the glomerular fluid soon attains, as it progresses doAAm the tubule, a 
chloride concentration about 1.4 times that of plasma. Therefore, chloride and 
Avater seem to be reabsorbed in different parts of the tubule, and the ratio of 
reabsorbed chloride to water is merety the resultant of these reabsorpth’-e pro- 
cesses. This ratio is not a constant, but is related to changes in plasma chloride, 
and it Avas soon found that a comparison of the chloride : water ratio in the reab- 
sorbate AAuth the chloride concentration of the plasma AA-as a useful expression of 
the reabsorpttye proce.ss; it Avas designated the chloride R/P. 

li\Tien saline solutions of different concentrations Avere infused at the same rate 
into a nonnal dog in successtye expeiiments, it Avas found that a famil}’' of curves 
resulted from relating the chloride R/P to time. The configiu-ation of each curve 
Avas characteristic of the concentration of the saline infused. TlTien the experi- 
ments were repeated on a dog AAuth diabetes insipidus, the responses AA-ere unpre- 
dictable and not related to the concentration of the injected fluid. The chloride 
R/P of the diabetes insipidus dog is initialty greater than one and maj' rise 
considerabty further during saline infusion, reaching a maximiun A'^alue in our 
experiments of 1 . 2 . Since the addition of Pitressin to the infusion fluid altered 
these responses imtil they approximated those of the nonnal animal, it AA^as con- 
cluded that the neurohjqiophysis regulates the partition of water betAA’een tubular 
reabsorbate and urine. This is true, of course, only of that fraction of the water, 
about 20 per cent, AA'hich is not reabsorbed by the diabetes insipidus tubule; the 
remaining 80 per cent of AA'ater filtered is reabsorbed by the tubule eA'en in the 
complete absence of the posterior lobe. Our conclusion is based on data obtained 
from more than one hundred experiments on three normal dogs and fom- dogs 
AATth experimental diabetes insipidus. 

Procedures. Experimental diabetes insipidus was produced by transection 
of the pituitarj’- stalk. Our usual procedure (8) for creatinine clearances Avas 
folloAA’^ed, AA-ith these modifications: venous blood was draAAm under oil into oxa- 
lated tubes for centrifugation; and fluids, other than AA-ater by stomach tube, were 
administered intraA'enousty AA-ith a constant infusion pump. In the earlier ex- 
periments, plasma and urine chlorides AA-ere determined by the method of Van 
Styke and McLean ( 16 ), but later the simpler mercurimetric titration ( 18 ) was 
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adopted, after it had been established that analyses by the two methods were 
almost identical. Glucose, in tungstic acid filtrates of plasma and iu diluted 
aliquots of urine, was determined by measuring mth a photoelectric colorimeter 
the reduction of an alkaline ferric 5 ’'amde solution. 

Calculations. The volume of fluid reabsorbed per minute by the tubules was cal- 
culated by subtracting the urine flow in cubic centimeter per mmute from the creat- 
mine clearance; reabsorbed chloride bj*^ subtracting the quantity excreted per min- 
ute from the quantity filtered. This last value was obtained by multiplying the 
volume of glomerular filtrate by the milligrams of chloride per cubic centimeter of 

plasma. The ratio of chloride to water in the reabsorbate, X 100 = 

cc. H 2 O 

mgm. per cent reabsorbed, was then compared to the plasma chloride according 

to the equation: Chloride R/P = reabsorbed Cl 

mgm. per cent plasma Cl 

The correction factor for the solid content of plasma has not been applied in 
these calculations, since it did not significantly affect the chloride R/P value. 

Results. The earlier experiments were performed to obtain data for analysis 
in the hope of revealing factors which limited chloride excretion or reabsorption. 
They were done, therefore, on nonnal dogs and included water diuresis, intrave- 
nous infusion of glucose and hypo-, iso- and h 3 'pertonic saline solutions. Three of 
these experiments, in which different concentrations of saline were infused, are 
presented in table 1. These data have been anab^sed in several waj"s. The lack 
of correlation between urine flow and chloride excretion is obvdous on inspection 
of table 1. However, a nearly linear relationship e.xists between the quantity of 
reabsorbed water and of reabsorbed chloride (fig. 1). When 10 per cent glucose 
or 0.2 to 0.3 per cent NaCl solutions were infused, and the plasma chloride con- 
centration lowered, the curv'e was altered as less chloride was reabsorbed per unit 
volume of water (fig. 1). If the plasma chloride concentration is greatty elevated 
bj' the infusion of 2.0 to 5.0 per cent NaCl, the chloride: water ratio of the tubular 
reabsorbate is definiteb' increased (fig. 1). This delation of the chloride: water 
ratio at low and high plasma concentrations indicates its dependence upon 
changes in the salt content of the plasma. The chloride R/P was found to 
change during the course of each experiment in which hypo- or strongly hyper- 
tonic saline solutions were given. W'hen the data in table 1 are analysed to .show 
the temporal course of the chloride R/P, three distinct cur\'es are obtained 
(fig. 2). ■\Wiile it appears from this figure that the contour of each cur\'e is re- 
lated to the concentration of the salt solution injected, other variables, such as 
the rate and duration of the infusion, are not e.xcluded as influencing factor.?. 
Six infusions into the same normal dog, L, were constant e.\'cept for the concentra- 
tion of the solution, which was 0.5.5, O.Gi, l.OG, 1.5, 2.0 and 2.5 per cent XaCl. 
men the chloride R/P is related to time (fig. 3), a progiussive modification of the 
response with increasing concentrations of 2saCl is apparent. 

The nex-t part of this investigation is concerned with the regulating mechanism 
which so e.xactly controlled the partition of water between luine and reabsorbate 
that when hypotonic solutions were given, little .salt and large volumes of water 
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were excreted, and when strong saline was infused, large quantities of salt were 
excreted in highl}' concentrated urine. The neiirohypophysis was naturally 
given first consideration. 

When the subject was a dog with diabetes insipidus, the results were in sharp 
contrast to the highlj'" integrated responses of the normal dog. Infusions of 2.0 
or 2.5 per cent NaCl iiLstead of producing a depression of the chloride R/P, often 
caused a further rise of the alread}' elevated ratio (fig. 4). The posterior lobe 
of the pituitarN', therefore, seems to be involved in the depression of the chloride 

A 

CHLORIDE R/P 
1 . 12 - 


1 . 08 - 
1 . 04 — 

•I.CO- 
0 . 96 - 

^0 180 2^0 260 300 

« 0 

CHLORIDE REABSORPTION MG/MIN. TIME IN MINUTES 

Fig. 1 . Chloride reabsorption plotted against water reabsorption , Those data which are 
taken from table 1 are represented by the following symbols : open circles, 0.5 per cent NaCl ; 
solid circles, 0.685 per cent NaCl; crosses, 2.0 per cent NaCl. Solid triangles represent the 
data from experiments in which the plasma chloride was reduced by the infusion of 0.2 to 
0.3 per cent NaCl or of glucose solutions. Open triangles are data obtained during or after 
the infusion of 2.5 to 5.0 per cent NaCl solutions when the plasma chloride concentration 
was greatly elevated. 

Fig. 2. Temporal course of the chloride B./P on infusion of 0.5 per cent (open circles), 
0.685 per cent (solid circles), and 2.0 per cent NaCl (crosses). Beginning of infusions at 40 
minutes is indicated bj' long vertical line; end of infusions by short vertical lines. Data 
from table 1. 

R/P below one. Attempts to convert the response of the diabetes insipidus dog 
to normal by substitution therapy with Pitressin (Parke, DaTus & Co.) were 
successful. In a series of infusion experiments, repeated at weekly intervals, 
2,5 per cent NaCl was injected at 10 cc./min. for 45 minutes. In the first no 
Pitressin was given; in the others Pitressin was added to the saline so that it was 
administered at rates of 60, 180 and 720 milliunits per hour. The results are 
given in table 2, and the chloride R/P plotted against time in figure 4. While 
the depression of the chloride R/P vith 720 mu./hr. is about as great as that 
seen in experiments on normal dogs (see fig. 3, lowest cuiwe) receiving the same 
infusion, there are minor differences in the responses. The response of the 
normal dog has a latent period of 15 to 30 minutes, measured from the beginning 
of the infusion, and continues for at least 30 minutes afterward. In the dia- 
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betes insipidus dog recehdng Pitressin, the response begins inth the infusion 
and, at the end of the infusion, falls off in eveiy case more rapidlj' than the 
noi-mal, but at a rate which is decreased as the Pitressin dose is increased. The 

TABLE 1 


Renal response of the normal dog to the infusion of hypo-, iso- and hypertonic sodium 

chloride solutions 
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continued fall of the chloride R/P in the normal dog suggests a continued libera- 
tion of the antidiuretic hormone. 

During the infusion of 2.5 per cent NaCl and Pitressin, the creatinine U/P 
falls, even when as much as 720 mu./hr. is injected. This behaidor of the ere- 
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atiiiine U/P is the opposite of that seen Avhen the antidiiiretic hormone is given 
during a water diuresis or to an animal unth diabetes insipidus. Under these 
conditions an elevation of the creatinine U/P, signifjdng a greater tubular re- 
absorption of water, is invariably obtained, and Hiclcej’’, Hare and Hare (11) 
have demonstrated a quantitative relationship between the dose of pituitrin 
and the response. Prom the present experiments it is clear that changes in the 
creatinine U/P diu’ing a saline diuresis, whether in a nonnal dog (fig. 6) or in a 
diabetes insipidus dog receiving Pitressin (table 2), have no significance and are 
valueless as indicators of the action of the antidiuretic hormone. In contrast to 



Fig. 3. Temporal course of the chloride R/P during infusions of graded saline solutions 
into the same normal dog, at 10 cc./min. for 45 minutes. Solid circles, 0.55 per cent; solid 
triangles, 0.67 per cent; open triangles, 1.06 per cent; open circles, 1.5 per cent; crosses, 2.0 
per cent; and enclosed crosses, 2.5 per cent NaCl. 

Fig. 4. Relationship of the chloride R/P of a dog (S) with diabetes insipidus to the 
amount of Pitressin added to the infusion fluid (2.5 per cent NaCl). The vertical lines 
enclose the infusion period. Open circles, no Pitressin; solid circles, 60 mu/hr.; open 
triangles, 180 mu/hr.; solid triangles, 720 mu/hr. Data from table 2. 

this, the cliloride R/P (fig. 4) is related to the amount of antidiiu’etic hormone 
introduced into the dog’s cuculation during a saline diuresis. 

An elevation of the chloride R/P is the permanent effect of the destruction of 
the pars nervosa of the pituitaiy and the temporary consequence of the ingestion 
of water or the injection of glucose or hypotonic saline. It seemed probable that 
these procedures elevated the cliloride R/P by inhibiting the liberation of the 
posterior lobe hoimone. If this were, true, the administration of small amounts 
of the hormone should decrease or prevent the elevation of the chloride R/P 
during the course of such a diuresis. This has been tested repeatedly, and the 
experiment selected for presentation illustrates the effect of 1.7 and 6.8 mu. of 
Pitressin per hour on the diuresis resulting from the injection of 0.55 per cent 
NaCl at 10 cc./min. (fig. 5). The same normal dog, L, Avas the subject for all 
three experiments Avhich were as nearly alike as possible. The response of the 
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animal to li 5 'potonic saline, as indicated bi" the chloride R/P, is measurably- 
depressed by 1,7 mu. of Pitressin per hour, and completely^ suppressed by' 6.8 
mu./hr. The minute quantity' of the antidiuretic hormone needed to restore 

TABLE 2 

The effect of graded doses of Pitressin on the renal excretion of sodium chloride and water by 

a dog with diabetes insipidus 
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summarized in table 3 further justify the hypothesis that an elevated chloride 
R/P is evidence of inhibition of the neurohypophysis. 

An application of this thesis, that changes in the chloride R/P reflect changes 
in the rate of release of the antidiuretic hormone, to a further analysis of the 
data from the normal dog receiving different concentrations of saline (fig. 3), 
permits an interpretation of the divuetic action of salt solutions. lATien the 
concentration of each saline solution is plotted against its diuretic effectiveness 
expressed by the mmimal creatinine U/P obtained dm'ing or after the infusion 
of the solution, it is clear that very dilute or very concentrated saline are equally 
effective diuretics (fig. 6). When the maximal change of the chloride R/P is 
similarly plotted against the salt content of the infusion fluid, different explana- 
tions for the diuresis ■with dilute and with concentrated saline are suggested. 


^ +. 08 - 
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Fig. 5. Inhibition by Pitressin of the elevation of the chloride R/P of a normal dog during 
the infusion of 0.55 per cent NaCl at 10 cc./min. Vertical lines at 40 and 85 minutes indicate 
the beginning and end of the infusion period. Solid circles, no Pitressin; open circles, 1.7 
mu/hr.; crosses, 6.8 mu/hr. 

Fig. 6. The curve dravm through the open circles relates the maximal change in chloride 
R/P to the concentration of NaCl in the infused solution ; that through the solid circles, the 
minimal creatinine U/P observed in the same experiments. 

The copious urine flow resulting from the infusion of 0.55 per cent NaCl is effected 
tluough inhibition of the posterior lobe of the pituitary, as indicated by the 
marked elevation of the chloride R/P. But during the comparable diuresis ob- 
tained vuth 2.5 per cent NaCl, where the depression in the chloride R/P suggests 
the release of several hundred milliimits of antidiuretic hormone, the volume of 
urine excreted can be attributed to the large amount of salt excreted. The in- 
fusion of 0.9 to 1.5 per cent NaCl neither inhibits the pituitary nor leads to the 
e.xcretion of sufficient salt to produce an osmotic diuresis; solutions vuthin this 
range of concentrations have, therefore, the least dimetic effect. 

So far, we have centered attention on the changes in the partition of Avater 
between xuine and tubular reabsorbate and the hj’-pophj’seal regulation of this 
distribution. Since the nature of the calculation for the derivation of the chloride 
R/P is such that a change in the ratio would be produced by a change in the 
tubular reabsorption of chloride, xve shall now consider this process and the 
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evidence for its control hy the pituitar^L 'V^Tien we injected 0.1 to 2.0 mu. of 
Pitressin into dogs vith diabetes insipidus, we regularly obtained a marked 
decrease in urine flow, but no increase of chloride excretion was obseiwed in an}' 
of the ten experiments. Furtheimore, we did find the chloride excretion in- 
creased three- to fivefold in a normal dog during water diuresis, when the anti- 
diuretic content of the blood is assumed to be subnormal. 

Our experiments on dogs vith diabetes insipidus given a constant infusion of 
2.5 per cent NaCl solution ^vith graded doses of Pitressin dissociate antidiuretic 
activity from any demonstrable change in chloride excretion. When the rate 
of chloride excretion duiing each experiment is related to time, no significant or 
consistent variation appears which can be related to the amount of Pitressin 

TABLE 3 


The control of a saline dutresis in a dog with diabetes insipidus with a small dose 

of Pitressin 
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injected (fig. 7); the amount of water excreted is, however, clearly dependent 
(fig. 8). Additional evidence is included in table 3, where marked antidiuresis 
was obtained without any such change in chloride excretion. For two reasons 
these observations are of only limited value as support for the thesis that physi- 
ological quantities of the antidiuretic hormone do not act by inhibiting tubular 
reabsorption of chloride. In the first place, Pitressin, a fraction of pituitary 
extract, was used, and Kuschinsky and Bundschuh (22) find the principle of 
pituitrin affecting chloride excretion associated with the oxytocic rather than 
with the antidiurctic fraction. A second objection is that the dogs w'erc heavil}' 
loaded with salt. However, the observations do justify the contention that an 
antidiuresis can be produced by increasing only the reabsorption of water. Fur- 
ther support for this idea is found in e.xperiments on the diabetes insipidus dog 
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"vnth a noimal salt intake, where Pitressin greatlj'^ facilitated the tubular reabsorp- 
tion of water mthout affecting chloride excretion. 

White and Findlej'^ (24) found that patients uath diabetes insipidus failed to 
excrete an oral dose of salt as rapidly as noimal pcreons, and that pituitrin therap^r 
was not effective in correcting this derangement. When we followed the chloride 
excretion before, during and after similar injections of salt into normal and 
diabetes insipidus dogs, no consistent difference between the two groups was re- 
vealed. On several occasions the polyuric dog excreted more salt than the 
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Fig. 7. Independence of chloride excretion of Pitressin administration in a dog (S) with 
diabetes insipidus. Vertical lines indicate period of infusion of 2.5 per cent NaCl at 10 
cc./min. Open circles, no Pitressin; solid circles, 60 mu/hr.; open triangles, 180 mu/hr.; 
solid triangles, 720 mu/hr. Data from table 2. 

Fig. 8. Antidiurctic effect of Pitressin during saline diuresis in a dog (S) with diabetes 
insipidus. Symbols the same as in figure 7. 


normal control. One of these comparisons is presented in detail in table 4 and 
the fimt experiment of table 2. The excretion of chloride, plotted against time 
in figure 9, is greater in the poljoiric dog in spite of the fact that glomerular filtra- 
tion is less. The more rapid rise of the plasma concentration in the diabetes 
insipidus dogs has been seen repeatedly, and probably has its origin in the exces- 
sive water loss of these animals. In tins instance the polyuric dog excreted 744 
ec. of uruae during the expeiiment which lasted an hour and a half, Avhile the 
normal dog excreted only 185 cc. during the same time. Probably for the same 
reason, the polyuric dog developed a severe salt intoxication (26) mth tremors, 
weakness and vomiting. HoAvever, the higher rate of salt excretion by the poly- 
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uric dog has been obsen^ed in five experiments of this type when no symptoms of 
salt intoxication were apparent. 

Water diuresis frequently (17, 21), and glucose (2) or sucrose (12) regularly 
increase chloride excretion. An infasion of 10 per cent glucose at 10 cc./min. 
may cause an initial tenfold increase in the renal loss of salt (table 5 and fig. 10), 
but this effect falls off, even during the first few hours, so that the chloride excre- 
tion rate becomes only two or tliree times normal. This elevated excretion occurs 
during a progressive fall of plasma cliioride, and therefore does not have its 
origin in the animars chloride load, which Wolf (26) has showm to be a related 
factor in cbloride excretion durmg chloride infusion. If salt is added to the 
glucose solution, the renal excretion of chloride proceeds at least as rapidly, or 

TABLE 4 


Renal response of a normal dog to (he infusion of 2.5 per cent NaCl at iO cc. per minute 
Compare with similar experiment of dog with diabetes insipidus, experiment 1, table 2 
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even more rapidly than when the same amount of salt is given alone (table 5 
and fig. 10). This occurs even when the plasma chloride is still beloiv normal. 

Perhaps the most consistent effect of the administration of salt to a dog, 
whether by mouth or b 3 " intravenous injection, i.s an increase in the rate of glo- 
merular filtration (19). 'W'hilc it is true that the infusion of a large volume 
of water as a vehicle for gluco.se (20) may cause an increase in glomerular 
filtration, the change in our experiments has never been as great as that 
caused b}' the infu.sion of sodium chloride. Furthermore, when 10 per cent 
glucose has been infused at a coastant rate for an hour or more, and the elevated 
rate of filtration has become stabilized, the addition of salt to the infusion fluid 
caused a further and sustained rise. -This is illustrated in the first experiment 
of table 5. 

Discussiox. Walker’s (23) studies on the tubular reabsorption of chloride 
are, unfortunateh', incomplete and limited to the proximal convoluted tubule. 
Until these direct studies have lieen extended to include the rest of the nephron 
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and the hormonal factors which regulate reahsorption, only the final result of 
the various tubular processes can be determined from experiments on the intact 
animal. The proper choice of an electrolyte or other substance to be associated 
vdth the tubular reabsorption of water in the calculation of R/P ratios can be 
made, of course, only after the tubular transfer of that substance is clearl}^ shovm 
to be an essential process in water reabsorption. The choice of chloride was not 
made on that basis, and maj'-, therefore, be premature. But the use of the 
chloride R/P does permit some insight into the response of the normal dog Iddney 
to endogenous antidiuretic hoi-mone, for the temporal course of the chloride R/P 


CHLORIDE EXCRETION CHLORIDE EXCRETION 



Fig. 9. Comparison of the renal excretion of chloride by a normal (solid line) and a dia- 
betes insipidus (broken line) dog. The vertical lines indicate the infusion of 2.5 per cent 
NaCl at 10 cc./min. Data for normal dog from table 4; for diabetes insipidus dog from 
expt. 1, table 2. 

Fig. 10. Facilitation of chloride excretion by glucose diuresis. To the left of the vertical 
line, the excretion of chloride by a normal dog during glucose infusion (solid line) begun 
two hours before zero time is compared with the basal normal chloride excretion (broken 
line). At the vertical line, the infusion of 2 per cent saline was begun in both cases; the 
NaCl was added to the glucose solution so that in both cases the infusion rate was 10 cc./min. 

during a saline diuresis has been a rehable indicator of the amount of the hormone 
discharged by the pituitary or introduced into the circulation by infusion. 

Gihnan and Goodman (5) discovered that the liigh rate of urine flow of a nor- 
mal animal after the administration of 5 per cent NaCl is attended by a greatly 
augmented liberation and renal excretion of the antidiuretie hormone. They 
estimated that 8 to 12 rats excreted 100 to 200 milliunits -within six hours after 
being given 6 per cent of their body weight of salt solution by stomach tube. 
Ingram, Ladd and Benbow (13), using the same methods, found that the anti- 
diru’etic material excreted by cats during saline diuresis originated in the pars 
nervosa of the pituitary. Accordipg to their assaj-^s, 20 to 420 milliunits per 
day were excreted by a cat, dehj'-drated by intravenous injection of 10 per cent 
NaCl after purging vith MgS 04 by stomach tube. We have estimated that a 
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normal dog of 15 kgm. liberates into its blood stream about one unit of pituitrin 
•when given 450 cc. of 2.5 per cent NaCI by intravenous infusion (figs. 3 and 4). 
Our data are not comparable in a quantitative manner vith those mentioned 
above, since the latter measured the hormone excreted by a normal animal, 
while we have measured replacements nece.ssarj’’ to reproduce a response in a 
dog deprived of its source of the hormone. All the data are in agreement, how- 
ever, that saline, in hj'pertom'c solutions, is e.xtremelj^ effective in causing a 
release of pituitrin; whether this is a .specific effect of NaCl, or simply dehydra- 
tion, is not clear (11). This excessive liberation of the hormone may well ac- 
count for the failure of huge doses to inhibit a saline diuresis. Goodman and 

TABLE 5 
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* The glucose infusion vas started 2 houns before the beginning of the first period. 


Gilman (6) showed that one unit of Pitres.sin failed to inhibit the diuresis resulting 
from the injection of 10 per cent saline, while doses as large will sharply 
depre.ss a water diuresis. 

Strong solutions of NaCl may cause the release of the antidiuretic hormone by 
some direct action on the posterior lobe of the pituitary, or through a reflex 
originating in some chemoreceptor, or, more probably, tlirough stimulation of 
the cells of the highly vascular supra-optic nuclei, whose proces.ses pass doum 
the pituitary stalk to the neuroh 37 )ophy.sis. E.xclsion of the pituitary or tran- 
.<-•001100 of the pituitaiy stalk with subsequent atrophy of the posterior lobe 
:iboli.shcs the rcspon.se, but this .shows only that the antidiuretic hormone origi- 
nates in the ncurolypophysis, and throws no light on the mechanism of its 
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release. Sensitivity of the neurones in the supra-optic nuclei to changes in the 
chemical composition of the blood has been suggested b 3 ^ Craigie (4) and b}'- 
Ingram, Ladd and Benbov' (13), but direct evidence, such as might be obtained 
bj^ recording action potentials from the nuclei or the pituitary stalk during the 
infusion of different solutions, has not been provided. Nor have the changes in 
the blood which cause the pituitaiy to liberate or withhold the antidiuretic 
hoi-mone been defined. It maj’^ be that rate of change is more important than 
magnitude, as has been suggested b 3 '’ Baldes and Smu-k (3), who investigated the 
role of the osmotic pressure of the plasma in initiating a water diuresis. 

]\'IacKa 3 ^ and MacKa 3 ’- (15) and Aitken (1) have lowered the plasma chloride 
until the urine was chloride-free b 3 ’’ urea diuresis, salt-free diets, and sweating. 
When the lost chloride was replaced, the plasma concentration at which chloride 
reappeared in the urine was designated the chloride threshold. Aitken ’s objec- 
tions to the method, which failed to give reproducible results, led hini to recom- 
mend that the concept of a cliloride threshold be abandoned. In Rehberg’s 
(17) observations on himself, plasma chloride was changed by the ingestion of 
salt or Avater, and glomerular filtration measured 133’- creatinine clearances. His 
calculations of reabsorption of cliloride reveal that there is no tubular maximum. 
However, when the percentage of filtered chloride excreted in the urine was re- 
lated to creatinine U/P, two curves were obtained representing the results when 
the plasma cliloride was above or beloiv 375 mgm. per cent, Tliis led him to set 
this plasma concentration as the chloride threshold in man. Of far more interest 
to us was liis finding that after the ingestion of water, cliloride was reabsorbed in 
a concentration higher than that of plasma, while after the ingestion of salt, 
this relationship ivas reversed. 

In our experiments on dogs, the rate of tubular reabsorption of chloride has 
been as liigh as 500 mgm./min., and tliis upper limit seems to have been imposed 
b 3 ' the tolerance of the animal for lypertonic saline, rather than b 3 ’' the inabilit 3 ’’ 
of the tubules to transfer more chloride back into the blood. Attempts to find a 
plasma chloride concentration at ivhich significant quantities of chloride began 
to be excreted ivere imsuccessful, and determinations of the threshold could not 
be repeated using the same subject and expeiimental procedm’es. When the 
conditions of the experiments were changed, the thi'eshold varied so widely that 
it lost all significance. For example, during the glucose diuresis, chloride excre- 
tion raa 3 ' proceed at about 50 mgm./min., ei’^en though the plasma chloride falls 
50 to 75 mgm. below the pi’einfusion level, and Avhen glomemlar filtration is onb' 
slighth' increased. Since a urea (15) or sucrose (12) diuresis causes a similar 
chloride excretion at Ioav plasma concentrations, it seems that an osmotic diuresis 
disturbs tubular reabsorption of chloride. "WTien saline, instead of glucose, 
was infused, chloride excretion was invariabb' increased, regardless of the 
preinfusion plasma cliloride concentration or the rate of glomerular filtration. 
This has been tme even when the saline was so dilute (0.2-0.4 per cent NaCl) 
that the plasma chloride concentration was diminished. On the basis of these 
data, it is obviousbl’ impossible to define a chloride threshold for the dog. 



348 


E. S. HAEE, K. HAEE D, M. PHILLIPS 


STOEMARY 

The renal tubular reabsorption and the urinai^^ excretion of water and of 
chloride have been studied in normal and diabetes insipidus dogs during water, 
saline and glucose diureses. The factors which determine the partition of 
chloride between tubular reabsorbate and urine are not revealed, but it is showm 
that there is neither a maximal rate of tubular reabsorption nor a renal threshold 
for chloride. Pitressin does not inhibit its tubular reabsoiption nor facilitate 
its excretion. Renal tubular reabsorption of water is related to the reabsorption 
of chloride imder all conditions of these experiments, and the antidiuretic hor- 
mone controls this relationship bj’’ regulating water reabsorption. 

Hypertonic saline stimulates, while hjpotonic saline, glucose solutions, and 
water inhibit the secretion of antidiiuetic hormone. It is proposed that for the 
regulation of water exchange there is a system which includes the hypothalamico- 
h3pophyseai mechanism, which, through its sensitivity to changes in the salt 
content of the blood, controls the secretion of pituitrin, and therebj* the con- 
centration in which salt is reabsorbed bj’^ the renal tubules back into the blood. 


REFERENCES 

(1) Aitken, R. S. J. Pfaysiol. 67: 199, 1929. 

(2) Atcheey, D. W., R. F. Loeb, D. W. Rictahds, Jr., E. M. Bexedict axd M. E. 

Driscoll. J. Clin. Investigation 12: 297, 1933. 

(3) Baldes, E. j. axd F. H. Smirk. J. Physiol. 82: 62, 1934. 

(4) Cn.^rGiE, E. H. Res. Publ. Assn. nerv. ment. Dis. 20: 310, 1940. 

(5) Gilman, A. anb L. Goodman. J. Physiol. 90: 113, 1937. 

(6) Goodman, L. and A. Gilman. The pharmacological basis of therapeutics. New 

York, The Macmillan Co., 1941. 

(7) Goedsmit, a., Jr., M. H. Power .\:n> J. L. Bollman. This Journal 125: 506, 1939. 

(8) Hare, K., R. C. Hickey ^vnd R. S. Hare. This Journal 134: 240, 1941. 

(9) Harrison, H. E. and H, C. H.4.rrieon. This Journal 134: 781, 1941. 

(10) Harri.son, H. E. j. Clin. Investigation 20: 47, 1941. 

(11) Hickey, R. C., K. H.^.re and R. S. Hare. Anat. Rec, 81; 319, 1941. 

(12) Holmes, H. J. This Journal 129: P384, 19-50. 

(13) Ingraxi, W. R., L. Ladd .x,nd J. T. Bbnbow. This .Journal 127 : 544, 1939. 

(14) Keschinsky, G. and H. E. Bundschch. .Arch. f. e.xper. Path. it. Pharmakol. 192: 

6S3, 1939. 

(15) M.acKay, E. M. .and L. L. MacHay. This Journal 115: 455, 1936. 

(16) Peters, J. P. and D. D. A'an Slyke. Qu-antiLative clinical chemistry. Baltimore, 

The 'Williams and IVilkins Co., 1932. 

Q7) Reiiberg, P. B. Biochem. J. 20: 461, 1926. 

(IS) Schales, O. and S. S. Sciiales. J. Biol. Chem. 140 : 879, 1941. 

(19) S11.A.NNON, J. A. J. E.vper. Med. 76: 371, 1942. 

(20) SUA.NNON, J. A., S. F.arbep. .and L. Tro.ast. This Journal 133: 7.52, 1941, 

(21) Straess, H. Klin. AVchnschr. 1: 1302, 1922. 

(22) VisscHEB, M, B. Chemistry and medicine. Minneapolis, Univcr.sity of Minne.sota 

Press, 1040. 

(2-3) IValkcr, .a. M., P. -A, Bott, J. Oi-ia'er and M. C. MacDowell. Tlii.s Journal 134: 
.5S0, 1941. 

(24) White, H. L. a.nd T. Fi.ndley, Jk. J. Clin. Inve.=tigat)ori 18: .377, 1939. 

(2-5) White, H. L. and P. Heinbecker. This .Journal 123: .566, 1938. 

(20; Woi.r, A. A'. This Journal 138: 191, 1013. 



INCREASED RED BLOOD CELL FRAGILITY AFTER 

FAT INGKSTIONi 

JOAN LONGINI and VICTOR JOHNSON 
From the University of Chicago, Department of Physiology 

Received for publication August 12, 1943 

There have been indications that ingested fat might be injurious to red blood 
cells. In studies on relatively few human individuals over brief periods of time, 
red blood cell destruction apparentlj'’ proceeded at a faster rate on a high fat 
diet, as evidenced b 3 ^ an increased urobilin excretion in the feces (Glanzmann, 
1929; Salomon, 1920; Josephs, Holt, Tidwell and Kajdi, 1938). The experi- 
ments of Freeman, Loeuy, Marchello, and Johnson (1942) carried out for many 
weeks conclusiveh* demonstrated this effect b 3 ’^ the more direct method of 
measurement of the biUrubin excretion in dogs, which was greater wdth increases 
of fat in the diet. 

Some of the mechanisms invoRed in this blood destruction from fat ingestion 
were clarified b 3 " Johnson and Freeman (1938), who showed that during the 
absorption of a fat meal, l 3 Tnph collected from the lacteals or from the thoracic 
duct is veiy hemolytic. It was also demonstrated (Freeman and Johnson, 
1940) that fatt 3 ’' acids and soaps, which have presumabl 3 ’- escaped res 3 mthesis 
into neutral fat during absorption, are present in the lymph in quantities suf- 
ficient to account for this hemol 3 "sis. 

Since the l 3 Tnph entering the blood after a fat meal is hemolytic, more direct 
evidence of red blood cell injury in the circulating stream at that time was 
sought. In preliminar 3 '^ experiments on dogs, actual hemolysis did not occur 
when red blood cells were mixed ndth lipemic seinm drawn after a fat meal. 
The experiments here reported test whether red cells are made more fragile b 3 ’' 
exposure to such serum. 

Methods and results. The fragilit 3 '' of red cells noixed ndth lipemic serum 
was compared with that of cells similar^’' mixed vdth fasting serum. The 
fragility test involved identical dilutions noth distilled water of both sets of 
blood plus seram mixtures, gentle shaking of these diluted mixtures, and finally, 
counting the intact cells (per cubic millimeter) in each sample. Addition of 
the water reduced the inorganic salt concentration to approximately the equiva- 
lent of 0.4 per cent NaCl, midway between the concentrations producing begin- 
ning and total hemolysis in dogs. 

Each dog tested was fed a fat meal consisting of 10 cc. of olive or com oil 
per kilogi’am bod 3 '’ weight in addition to commercial canned dog food. Samples 
of fasting semm (“control fluid”) and of lipemic serum (one of the “test fluids”) 
from the same dog dranm at two and at three and one-half hours after a fat meal 
were each mixed with an equal volume of whole blood (oxalated) from the fasting 

1 This work was aided in part by a grant from the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. 
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animal. After shaking each mixture for fort}’’-five minutes, distilled water was 
added and the shaking was continued for thirt 3 ^ minutes. The final mixture 
contained one volume of red cells (i.e., oxalated blood), one volume of fasting or 
lipemic serum, and two volumes of distilled water. Ordinary" red blood cell 
coimts were then done on each mixture. 

To express the results graphical!}^ (fig. 1), the red cell count of the control 
mixture (e.g. fasting serum and oxalated blood) is arbitrarih' placed at zero 
hemolj-sis; that is, the hemob'sis from distilled water and from shaking is dis- 
regarded since this is identical in both control and test mixtures. The test 



Fig. 1. Change in fragilitj’ of red blood cells upon e.vposure to various test fluids. The 
test counts are plotted as per cent reduction (the ordinate) from the corresponding control 
count which is represented by the zero line. To .avoid confusion, these control points are 
omitted. 


count is then expressed as percentage reduction from the control. In other 
words, it represents the increase in hemolysis caused by the test fluid. 

■V\fiien lipemic serum was the test fluid, red cell fragility was significantly 
increased, as indicated by the lower counts in the tost mixtures analyzed statis- 
ticallv. There was no appreciable difTcrence bet.ween the effects of the two and 
the three and one-half hour sera. The average reduction from the control 

for all lipemic sera tested was 19 per cent. 

To check on the possibility that ingestion of other fuel foods might increa.se 
red cell fragility, high sugar and high protein meals were fed. The hjiierglycemic 
seiTim and the serum after the protein meal, respectiveK", v.eie u.'^cd .is te^t 
fluids, substituting for lipemic serum in procedures exactly parallel to those 
employed with high fat meals. No increa.se in the fragility of rod cells exposed 
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to these sera was observed. If anything, the resistance of the red cells was 
increased in these caloric controls as indicated by the higher counts in the test 
mixtures (see third and fourth columns of fig. 1). However, too few experi- 
ments have been performed to warrant any final conclusion on this point. 
Earlier workers have reported that large quantities of sugar do exert a pro- 
tective effect on red cells preserved in vitro (Rous and Turner, 1916). Also, 
insulin hypoglycemia has been shomi to increase the fragility of red cells (Booth, 
1941). 

Although other studies (Freeman and Jolmson, 1940) have shovTi it to be 
unlikely that the neutral fat particles in any way affect the fragility of red 
cells, it was felt worthwhile to test the possibility under the conditions of this 
experiment. A stable suspension of olive oil in Ringer’s solution was used as 
the test fluid; the particle size and the concentration approximated those in 
Hpemic serum. This was compared vdth Ringer’s solution as the control fluid. 
Neutral fat was found to be as ineffective as Ringer’s solution in altering red 
cell fragility (see last column of fig. 1). The deviation here was from —6 per 
cent to -1-5 per cent, perhaps giving a good indication of the limits of error of the 
method. 

Discussion. These experiments demonstrate the presence in dogs’ lipemic 
serum of one or more agents which act directly on red blood cells to increase 
their fragility. Probably these agents are the free fatty acids and soaps which 
account for the hemoljdiic potency of thoracic duct lymph after fat absorption 
(Freeman and Johnson, 1940). They apparently proceed from the lymph into 
the blood in sufficient concentration to cause this increase in red cell fragility. 
Chemical determinations of these substances in the serum after a fat meal 
have not been done. 

The e\ddence strongh’- suggests that red cells are injured in vivo very soon 
after the products of fat digestion enter the bloodstream. It follows that the 
increased blood destruction during a prolonged high fat diet (Freeman, Loewy, 
Marchello and Johnson, 1942) may be accounted for largely or wholly by con- 
tinual repetitions of this short-time effect rather than by some longer, more 
indirect, metabolic process. Indeed the possibility that ketone bodies may be 
the destructive agents has probably been eliminated in the experiments of 
Josephs, Holt, Tidwell and Kajdi (1938). Experiments by Freeman, Loewy 
and Johnson (1943) lend strong support to the concept that free fatty acids or 
soaps can act almost at once to increase red cell destruction. They demon- 
strated an increased bilirubin excretion in anesthetized dogs within an hour or 
two after injection of small quantities of fatty acid or soap into the jugular 
vein. 

It may be, as perhaps suggested by the experiments where sugar and protein 
were fed, that the non-fat elements of the diet serve in small part to protect 
against the injurious effect of fat on the red blood cells. However, at least in 
dogs, fat ingestion probably is an important mechanism in the normal daily red 
• cell destruction. 
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Considered in the light of this propert3- of ingested fat, it seems probable 
that the following well-knovTi phenomena have definite adaptive values hitherto 
not emphasized: 1, the tendency to vomit after a high fat meal; 2, the slower 
emptjdng time of the stomach after fat meals than after meals high in carbohy- 
drate or protein; and 3, the absorption of fat into the lymphatic system and its 
subsequent gradual introduction into the circulating blood. All these prevent 
the digestion products of ingested fat from entering the blood stream too quickly 
or in too great amounts. They would appear to be part of a physiological 
sj^stem of checks to prevent excessive red cell destmction. The ultimate check 
against anemias of increased red ceU destruction is the bone marrow which, in 
animals on prolonged fat diets, is capable of replacing the extra cell losses 
(Freeman, Loevy, Alarchello, and Johnson, 1943). When these checks are 
inadequate or when the blood cells themselves are more susceptible to fat injury, 
an anemia may well develop. These possibilities remain to be investigated as 
causative factors in certain human anemias. 

It is of interest that injurj’- from fat ingestion is encountered in cells other 
than the er3’-throc3d;es. A number of recent animal experiments indicate that 
high fat diets also produce liver damage. These experiments fall into two 
groups: 1, those in which fat ingestion apparentl3’' damages the liver cells 
directl3’’ (Blumberg and McCollum, 1941; G3’’6rg3' and Goldblatt, 1941); and 2, 
those in which fat ingestion acts by increasing the susceptibilit3’’ of the liver to 
damage b3'* other agents. Deleterious agents which have been used in such 
experiments are chloroform (Goldschmidt, Vars, Kaudm, 1939), carbon tetra- 
chloride (BoUman, 1940) and arsphenamine (Messinger and Hawkins, 1940). 
In the case of arsphenamine poisoning, when high carboh3’^drate or protein 
diets were changed to high fat diets, the icterus index showed a progressive 
increase. The work presented here suggests that this icterus ma3' be caused 
in part b3' increased blood destruction as well as b3' liver damage. K fat is 
injurious to both blood cells and liver cells, it would seem to increase the likeli- 
hood that fat ingestion ma3" be related to the etiology of certain anemias, 

SUilMART AND CONCLUSIONS 

1. After fat ingestion an agent which increases the fragilit3’- of red blood cells 
is present in dog’s serum. 

2. Neutral fat is not this agent. Prmnous work indicates that free fatt3' acids 
and soaps, reaching the blood stream b3" way of the lymphatics, are probabb’- 
responsible for the effect. 

3. Ingestion of carbolydrates and proteins does not increase red cell fragility. 
On the contrar3', meals rich in these substances produce serum which may 
actualb' {irotect red ceUs from water heraob'-^i^' 

4. These results, when considered with the finding of increa.sed red cell de- 
struction in vivo on a high fat diet, indicate that fat ingestion probably is an 
important mechanism in the pln-siological destruction of red cells in dogs. 

o. These experiments .suggest further that the mechanism of the demonstrated 
in vivo red cell destruction b3' fat ingestion i.s immediate and direct and ma3’’ 
not involve anx' relativeb' long metabolic process. 
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6. It is suggested that those phj^siological mechanisms which delay the 
absorption of fat and its entrance into the bloodstream are probably significant 
in the prevention of anemia. 
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The visual mechanism manifests marked changes in function when its oxidative 
processes are disturbed.^ Such a disturbance may be caused bj'" exposure to low 
atmospheric oxj^gen tensions, as in high altitude fljdng, and by reducing the 
supply of metabolites which can be utilized bj' the central nervous s^’^stem, as in 
insulin h 3 ’’poglj’’cemia (1). During anoxia, the visual field appears to become dim. 
On readmission of oxv-^gen, it appears to become brighter again. A quantitative 
and highlj’’ sensitive index of such changes in visual sensitivity during anoxia can 
be obtained by deteimining the absolute light threshold, as shown by McFarland 
and Evans (2). The 3 ’' found, for example, that at a simulated altitude of 15,000 
feet a light intensit 3 ’’ 2.5 times as gi’eat as normal was required in order for it to 
be seen. 

Experimental evidence has been presented by both Crozier and Holwa 3 ’' (3) 
and b 3 ’ Hurvich (4) in support of the view that the critical determinants of the 
visual sensor 3 ' processes ma 3 ’’ be central rather than photochemical in nature. 
The effects of anoxia seem also to be attributable primarily to alterations in the 
neural elements of the visual mechanism, although the exact locus remains to be 
determined. The following facts indicate that the photochemical mechani.sm is 
not invmlv'ed: a. The light sensitivity of a previousL^ dark-adapted individual is 
reduced b 3 ’' subsequent ox 3 'gen depriv'ation. It is presumed that the concentra- 
tion of the photosensitive substances remains unchanged, since no exposure to 
light has taken place. Furthermore, the decreased Eensitivit 3 " could not be due 
to dela 3 *ed regeneration of these substances, since this process had been completed 
before exposure to anoxia (5). h. In vitro, the rate of decomposition and re- 
generation of visual purple is not affected b 3 '- the absence or presence of ox 3 ’'gen 
(G). c. Although different photosensitiv'e substances are concerned with rod and 
vrith cone vision, anoxia causes an equal rise in the rod and cone thresholds (7). 
d. The thre-shold of the e 3 "e to electrical stimulation, which presumabL'- does not 
depend on photochemical mechani.sms, also rises during ano.\ia (8). e. On read- 
mission of ox 3 'gen, the rate at which sensitivity is recovered is much more rapid 
than can be accounted for Ijy the rate at which the visual pigments regenerate. 

In order to determine the effect of anoxia on a visual function at illuminations 
of higher than threshold intensities, McFarland and Halperin (9) made a study 

* For n comprehensive siiminar.v of t)ie literature concerning the oiiocts of .nno-via on 
vision. .«ec McFarland. R. A., .T. N. Evans .and 31. II. Halperin. Arch. Ophthal. 26: S8C), 
1941 . 
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of foveal visual acuity in relation to illumination. In normal air, the logaritlmi 
of ^^sual acuity rises continuouslj'- as the logarithm of illumination intensit}' is 
increased — ^i-apidly at first, then more gradually until a maximum is reached and 
the curve becomes horizontal. During exposure to low oxj’-gen tensions, the 
form of this curve remains unaltered, but the curve as a whole is translated to the 
right along the intensity axis. The amount of this translation is of the same 
order of magnitude, in logarithmic units, as in' the case of the absolute thresholds 
at comparable degrees of anoxia. Studies of other idsual functions, such as 
intensity discrimination (differential sensitivity), have yielded similar results 
( 10 ). 

The relationship between oxj’^gen deprivation and the latency- of visual after- 
images has been investigated in two previous studies. Gellhorn and Spiesmair 
(11) performed experiments on subjects who breathed gas mixtures deficient in 
0 X 3 ^gen at sea-level pressure. The stimuli were colored squares or a white light, 
and the fixation time ten seconds. Whei-eas a reduction of the ox\'gen concen- 
tration to 13 per cent was without effect on the latencj'' of the after-image, 
changes of considerable magnitude occurred when air containing 9 to 1 1 per cent 
oxygen was breathed. Under these conditions, the after-images were either 
delaj’^ed, or thej^ failed to appear at all. In subjects acchmatized to high alti- 
tudes during the International High Altitude Expedition to the Chilean Andes, 
McFarland (12), using a similar method, lUcewise found a lengthening of the 
latent period. This prolongation became statisticallj’- significant onlj^ at 21,100 
feet, which corresponds to an oxygen concentration of 9.5 per cent at sea-level 
pressure. 

Certain experimental limitations of these earlier studies, as, for example, their 
restriction to a single value of the stimulus intensity continuum, suggested the 
ad\dsability of a more extensive investigation of the behavior of after-images 
during anoxia. In the present stud 3 ’' the intensit 3 " of the stimulus was varied over 
a vide range so that the beha\dor duiing anoxia of the entire function might be 
obseiwed. The present experiments differ from the earlier ones also in employ- 
ing a brief stimulus duration of 0.2 second. The relationship between stimulus 
intensity and the latenc 3 '- of after-images has been studied under a wide variety 
of experimental conditions in normal air (13-17). The results differ widety and 
depend on such variables as the state of retmal adaptation and the exposure, 
time, size, the retinal location, and spectral composition of the stimulus, as well 
as the background against which the after-image is observed. The problem 
becomes complicated when prolonged stimulus exposures are empIo 3 'ed, since 
the e 3 'e cannot be maintained motionless for more than a fraction of a second, and 
adjacent retinal areas are unequall 3 '^ exposed to the stimulus when the e 3 'e moves. 
Also, obser\'ation of the after-image, against an externally illuminated background 
results in the appearance of “positive” and “negative” phases of the after-image. 
Such complicating factors can be minimized b 3 ’' utilizing stimuli of veiy short 
duration and obser\’ing the after-image in complete darkness. In this manner, 
fixation is more easity controlled and onty “positive” after-images (i.e., images 
brighter than the background) are seen. 
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Even under such simplified conditions, the results obtained seem to depend on 
the intensity range. Hurvich and Joensson (17) made a S 3 'stematic investiga- 
tion of the latent time of a bluish-gi-aj’- after-image which appears approximately 
0.5 tn 1.5 seconds after cessation of a brief white stimulus. The latent time of 
this image decreased A^dth an increase of stimulus intensity, duration, or area. 
When the magnitude of an}’- one of these A'ariables was raised beyond certain 
limits, there was a brilliant after-glow following the cessation of the stimulus, 
Avhich obscured the appearance of the usual bluish-gray after-image. Feinbloom 
(16) also used brief stimuli and obseiwed the after-image in complete darkness. 
He employed, howe\-er, 'a range of stimulus intensities beginning at a higher 
brightness leA'el than did Hurvich and Joensson. The positive after-image which 
he observed appeared several seconds after cessation of the stimulus. The latent 
time of this image increased with an increase of stimulus mtensity, duration, or 
area. The after-images described by Hur\dch and Joensson differed also in 
certain qualitative characteristics from those reported by Feinbloom. Wliereas 
the former found the color of the after-image to be bluish-g-ay regardless of the 
spectral composition of the stimulus, the latter reported the color of the after- 
image to A'ary with the color and intensity of the stimulus. 

The present study Avas performed AAith the same apparatus and under the same 
experimental conditions as employed by Hunnch and Joensson (17). The after- 
image obserA'ed under these conditions is described by them as corresponding to 
that knoAATi traditionally as the tertiar}’- or Hess image. 

Apparatus. The A-arious components of the optical system employed Avere 
mounted on an optical bench and arranged so as to proAdde independent control 
of three stimulus A^ariables: (1) intensity, (2) duration and (3) area. In this 
study only the first of these was A’aried. 

The light source Avas a 100-AA-att, 115-A’-olt iMazda projection lamp. A lens 
serA’ed to condense the light rays upon the surface of a milk glass plate (3 x 3 
cm.). The latter Avas placed so that the aperture of the stop delimiting the size 
of the stimulus field aaus unifoi-mly illuminated. An aperture of 11.9 mm. diam- 
eter, subtending an angle of two degrees at the eye of the obseiwer, was employed. 
Intensity AA'as controlled by the use of neutral-tint "l^Tatten filtem and a .specially 
mounted pair of optical Avedges arranged in compensating fashion. The duration 
of the .stimulus e.xposure was ke])t constant throughout these experiments at 0.2 
second by means of a Compur camera shutter placed between the Acedges and an 
artificial pupil. The latter Avas 1 mm. in diameter. A .SAmchronizing sAvitch 
mounted on the .shutter made it po.s.sible to start an electric timing clock auto- 
matically at the end of the stimulation period. The obserA-er’s eye Avas placed 
at a distance of 35 cm. from the plane of the aperture. A Bausch and Lomb head 
rest and chin support facilitated the maintenance of fixation. A red fi.xation dot, 

1 mm. in diameter, Avas continuously Au.sihle, being reflected from a glass wafer set 
at an anide of 45 degrees to the line of regard. The fixation dot a\;i.s centered in 
the stimulus field and Avas al.=o at a distance of 35 cm. from the ob.scn-er. E.x- 
traneou.s light stimulation Avas eliminated by placing the obserA'er in a light-pioof 
cubicle painted black. 
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For the adapting field, a large wliite matte surface subtending 50 x 65 degrees 
was fixed on the wall of the chamber adjacent to the apparatus at a distance of 
50 cm. from the observer’s eye. The intensity of light reflected bj' this adapting 
field was kept constant throughout the experiments at approximately ten foot 
candles. 

The measured time interval — i.e., the time elapsing between the cessation of 
the stimulus and the signal of the occurrence of the after-image — ^Ls termed the 
latent period. To measure this interval, a six-volt batter}’- was connected in 
series with a precision-timer- reading in hundredths of a second, the sjmchronizing 
s-v\itch on the camera shutter, and a signal key manipulated by the obseiwer. 
Before each stimulus presentation, the observer depressed the signal ke}’-. At the 
moment the stimulus field was cut off, the shutter switch was automatically 
tripped. This completed the circuit and thus started the timer. The latter 
stopped when the obser^'-er signalled the onset of the after-image b}’- breaking the 
circuit as he released the depressed key. 

Experi]ment.vl PROCEDURE. The experiments were performed in a sealed 
chamber which permitted the regulation of temperature and ventilation by means 
of an air-conditioning unit, and the variation and maintenance of the oxygen 
content of the air at any desired level, the total barometric pressure remaining 
constant. 

The data required for the determination of each curve relating stimulus inten- 
sity to latency of the after-image were obtained as follows. Observations were 
preceded by three minutes of bright adaptation to the ten foot-candle adapting 
field, followed by five minutes of dark adaptation. All observations were made 
with the right eye. The measurements Avere taken in such a sequence as to be 
homogeneous for intensity. A single measurement Avas made consecutiA’-ely at 
each intensity, passing usuall}’- from the loAA'est to the highest. The direction 
AA’as then reA’-ersed until either three or fiA’e readings had been obtained at each 
point. FolloAA’ing each single determination the observer AA’as given a thirty- 
second rest period. Additional pauses Avere introduced at the end of each series 
(one reading at each of the four or fiA'^e intensities), and AA’henever the obseiwer 
reported fatigue or persistent Ausual after-effects. 

The procedure thus outlined aa-rs fimt carried out in normal air (21 per cent 
oxygen). Samples of the subject’s normal ah’-eolar air AA'ere obtained. The 
concentration of oxygen in the chamber Avas then reduced to the desired level in 
about twenty minutes by diluting the air AA-ith nitrogen. After about ten 
minutes’ exposure to the Ioav oxA^gen tension, the experimental procedure Avas 
repeated. Samples of the chamber air and of the .subject’s ah'-eolar air 'AA'ere 
obtained before and after the Ausual measurements. They AA-ere subsequenth’- 
analyzed for oxA’^gen and carbon dioxide on a standard Haldane apparatus. The 
deteiminations at the simulated high altitude AA^ere folIoAA'ed by administration for 
stated intei'A’aLs, of 100 per cent oxygen through a mask. The after-image 
measurements Avere then repeated (“recovery curve”). 


= Model S-l, Standard Electric Time Company, Springfield, Mass. 
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Means and standard de^^ations (S.D.) Avere computed for the three or five 
obser\^a:tions at each stimulus intensity by the usual methods. In those instances 
in Avhich combined means are gi^^en for several expeiiments (table 1), the com- 
bined standard devia tion a t each intensity was computed according to the 

equation S.D. = Kf , Avhere p is the number of indiAudual observations 
K n — T 


TABLE 1 


The effect of oxygen deprivation on the latency of visual after-images 
(See fig. lA, B, and C) 


SUBJECT 

LOGio 

smfxjLVs 

IKTENSITY 

(PKOTOKS) 

1 TUrE OF AFTER-UUGES (SECO-ST)S)* 

i Nonnal air 

Low ox>'gent 

IRecoverj’ with oiygent 

Mean 

SJ>. 

Mean 

] S.D. 


S.D. 

LMH (mean of 3 ex- 

1.16 

1.33 

0.08 

1.51 (11)* 



0.20 

periraents§ at 10.4- 

1.48 

1.17 

0.06 

1.33 

Ha 


0.19 

11.2 per cent 

2.13 

1.08 

0.07 

1.14 

0.10 

1.10 

0.10 

oxygen) 

2.79 

0.93 

0.06 

1.02 

o.os 

0.96 

0.06 

JDM (mean of 2 ex- 

1.20 

1.33 

0.07 

1.53 (3)* 

0.11 

1.35 

0.14 

periments at 11.2- 

1.52 

1.16 

0.11 

1.30 

0.12 

1.16 

0.15 

11.3 per cent 

2.17 

0.87 

0.12 

0.97 

0.21 

0.83 

0.05 

oxygen) 

2.82 

0.59 

0.07 

0.75 

0.13 

0.67 1 

0.12 

MHH (one experiment 

1.16 

1.62 

0.37 

1.77 

0.30 ! 

1.60 j 

0.23 

at 12.5 per cent 

1.48 

1.11 

0.14 

1.45 

0.28 1 

1.04 1 

0.26 

oxygen) 

2.13 

0.85 

0.06 

0.90 

0.03 i 

O.SS ! 

0.04 

i 

i 

2.79 

0.82 

OJO 

1 

0.77 



0.12 


* The number of observations represented by each datura is as follows: subject LMH, 
13; subject JDM, 8; subject MHH, 5. Numbers in parentheses indicate the number of 
measurements on which the mean is based in those cases in which the after-image failed 
to appear during one or more observations. 

t Sec table 4 for the individual alveolar air and chamber air analyses. 

t The time during which oxygen was breathed subsequent to exposure to the reduced 
oxygen tension ("recovery time”) was as follows: subject LMH, 4,5-.50 minutes; subject 
JDM, 25-3S minutes; subject MHH, 17 minutes. 

§ Recoverj' curves were obtained in onlj' two of these three experiments. In order to 
make the mean of these two comparable to the mean of all 3 experiments in normal air, a 
correction factor was applied. This was derived from the ratio of the means for all three 
normal-air curx'cs to the means for the normal-air curves in these two experiments. 

and o- the .standard detuation of these observations in each e.xperiment, n the total 
number of observations and r the number of experiments. 

Re-sl-lts. The relationship between the latency of visual after-images and 
stimulus intensity,^^ during exposure to various atmospheric oxygen tensions, is 

• Stimulus intensity is expressed in photons (rniililamberts X “ X pupil area in square 
millimeters). 
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shown in table 1 and figure 1 (A, B and C). These data are based on six experi- 
mental sessions emplo 3 dng three trained subjects. Each session consisted of a 
series of measurements in normal air (21 per cent oxj’-gen), followed bj’’ repetition 
of the determinations during anoxia. Finally, 100 per cent oxygen was admin- 
istered and observations were repeated after stated recover^’- intervals. 

The general form of the function relating latent time to stimulus intensity is 
curvilinear. The latent time decreases as the stimulus intensity is increased — 
rapidlj'’ at first, then more gradualljL Furthermore, a given degree of anoxia 
causes a delay in the appearance of the after-image over the entire range of 
stimulus intensities, the magnitude of the delay being a function of the stimulus 
intensity. 

The limited accuracy of the measurements precludes the possibility of a unique 
mathematical description of the displacement of the curves caused by anoxia — 

TABLE 2 

The effect of progressive degrees of anoxia on visual after-images 
Data from one experiment on subject MHH (see fig. ID) 


LATENT TIME OF AFTER-nUGE (SECONDS)* 


STIiCXJLUS 

INTENSITY 

(photons) 

Normal air i 

13.7% oxygen 

12.1% oxygen 

10.8% oxygen 

Recovery with 
o.x)’gcnt 

Mean 

S.D. ' 

i 

Mean 

S.D. 

Mean 

S.T). ‘ 

1 

Mean 

S.D. 

Mean 

1 S.D. 

0.60 


mm 

1 

2.06 ! 

0.44 

1.86 

1 ^ 

2.19 

0.34 

1.14 


0.93 


Ira 

1.45 

0.18 

1.53 

mm 

1.78 

0.04 

1.01 


1.56 

0.98 

0.11 

1.11 

0.09 

1.29 


1.58 

0.19 

0.91 


2.20 

0.78 

0.06 

0.87 

0.06 

0.82 

ira 

1.10 

0.17 

0.70 


2.84 

0.65 

0.06 

0.06 

0.05 

0.72 

0.08 

0.96t 

0.06 

0.68 



* Each entry is the mean of three observations, 
t After twenty minutes. 

% Mean of two observations. After-image failed to appear once. 


i.e., whether it is horizontal, vertical, or both. Relativety more precise measure- 
ments of visual acuity (9) and intensity discrimination (10) have shown that 
during anoxia the curves relating these variables to the logarithm of stimulus 
intensity are displaced solely on the intensity axis. The curves in figure 1 were, 
therefore, dravui in such a manner as to determine whether the effect of anoxia on 
the latent time might similarty be described in terms of a horizontal translation 
along the intensity axis. A curve was first fitted bj'’ visual inspection to one set 
of points in each graph. The same curve was then translated horizontally until 
it fell on the other set, extrapolating when necessary. In each case, the curve 
Avhich fits the normal ah’ data was found to fit those for low ox 3 '’gen as well, when 
transposed on the intensity axis. The form of the curve is thus identical under 
all the conditions tested. The effect of anoxia ma 3 ’- be described simpty as a 
translation of the curve to the right along the intensity axis, causing a prolonga- 
tion of the latent time for an 3 '’ given stimulus intensity. 
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LOGjqSTIMULUS intensity (PHOTONS) 


Fig. I. The eficctof anoxia on the relation between the latent time of visual after-images 
and Etimulus intcmsity. Graphs B and C are based on the data in table 1, and graph D 
on those in table 2. In each case, the observations were made under the conditions and in 
the sequence indicated by the corre.spoiiding legend. 

.-V curve v.-as first fitted to one set of points in each graph and tlien tran.slated horizontally 
until it fell on the other set or sets of points e.xtrapolafing when ncce.s.sary. tin grajdiH A, 
B and C, the open and solid circles were treated as a single set.) Since in each graph a 
satisfactorj- fit to each set of points could be obtained by horizontal traii.sialion of the 
same curve, the cfTcct of anoxia may.be described as a displacement of the curve to the 
richt on the intcn.sity axis. This results in a prolongation of the latent time for any given 
stimulus intensity. 
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This translation is similar in direction and magnitude (when expressed in 
logarithmic units of intensity) to that observed in the case of foveal visual acuit 3 '' 
(9) and intensity discrimination thi-esholds (10), during comparable degrees of 
anoxia. The meaning of such a translation in each of the thi’ee cases is that a 
greater intensitj^ of light is necessaiy during anoxia to produce a given visual 
response. This is equivalent to the effect of a reduction in the intensity of the 
stimulus bj’- placmg a light filter or smoked glass before the observer’s eye. At 
low intensities of illumination, where the cuiwes are steepest and a small decrease 
in illumination causes a large change in the Ausual function, anoxia similarty 
causes a large change. At progressivety higher intensities of illumhiation, where 
the curves are less steep and a proportionate decrease in illumination causes less 
change in the visual function, anoxia likewise has a progressivety smaller effect. 
This dependencj’’ of the magnitude of change in latent time during anoxia on 
stimulus intensity is confirmed bj' the data in table 1. These indicate that the 
prolongation of latent time is greater for stimuli of low intensity than for more 
intense ones. In fact, the least intense stimulus emploj^ed, which ahvaj’-s jdelded 
an after-image in normal air, frequentty failed to produce one during oxygen 
deprivation, the latencj'’ thus being prolonged indefiniteljL For example, in the 
case of subject JDINI, during anoxia an after-image appeared in onty tliree of a 
total of eight trials at the lowest intensity. 

The effect of successive exposure to three progressively more severe degrees of 
oxj’-gen lack is shovm in figure 1 (D) and table 2, which present the data for one 
subject. A cur^m was fitted to one set of points bj’’ visual inspection and trans- 
lated horizontally to fit the other sets. In general, the extent to which the curve 
is displaced varies directty with the degree of oxygen deprivation. There is, 
however, some overlapping of the data at the first two stages of oxj’-gen lack. 
This experiment, in which onlj'- three observations were made at each point, 
required approximatelj'' five hours. Because of the small number of observations 
which were thus possible, conclusions as to the quantitative relation between the 
degree of oxj’^gen deprivation and the change in the latencj’" of the after-images 
cannot be drawn. Furthermore, control experiments on other subjects, who 
made an equal number of observations over a period of four hours in normal air, 
also showed a tendency toward a lengthening of the latent time toward the end of 
the experiment, possibly as a result of fatigue. It is possible, therefore, that a 
part of the change at the lowest oxygen concentration may also be attributable 
to fatigue. The complete reversal of the change upon administration of oxj'^gen 
suggests, however, that the prolongation was due primarity to anoxia. Here, 
again, the changes were greatest at the lowest intensities (where the curve is 
steepest) and least at the brightest intensities (where the curve is less steep). 

Experiments on light sensitmty (2) and on foveal casual acuity (9) have indi- 
cated that when oxj'^gen is administered subsequent to oxygen deprivation full 
recovery of these functions takes place in three or four minutes. It was antici- 
pated, therefore, that the latent time of the after-images would behave in a 
similar fashion. Preliminaiy experimentation indicated veiy clearlj'', however, 
that three or four minutes of oxj'gen inhalation failed to produce even an appre- 
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ciable degree of recovery. As table 3 and figure 2 indicate, the curve relating 
latency to stimiilus intensity does not return to its original position even after a 

TABLE 3 

Slow recovery of latent time of after-image svhsequenl to anoxia 


Data from one experiment on each of two subjects (see fig, 2) 


SUBJECT ; 

LOGio 

STIilULUS ! 

INTEKSITY 

(PHOTOKS) 

LATENT TIlfE OF ArtEE-IUACE (SECONBS)* 

Normal air 

10.4% oxysen 

t 

Recovery with 
oxygen — 10 min. 

Recovery with oiygen 
— SO min. 

Mean 

S.D. 

Mean 

S.D. 

Jlean 

S.D. 

Mean 

SD. 

MHH 

0.85 

mm 


2.34 

0.35 

1.99 

0.21 

m 



1.16 



1.80 

0.09 

1.50 

0.21 


US 


1.48 

1 1.10 

0.08 

1.42 

0.15 

1.31 

0.19 

1.12 

0.15 


i 2.13 

0.89 

0.10 

0.94 

0.09 

0.91 1 

0.10 

0.87 

0.09 


1 2.79 

i 

0.69 

0.13 

0.89 

0.16 


0.06 

0.63 

0.07 

LMH 

1.16 

1.31 

0.07 

1 1.65 


1.41 

0.13 

1.32 

0.13 


1.48 

1.25 

0.06 

1.38 

0.08 1 

1.37 

0.12 

1.21 

0.09 


2.13 

1.06 

0.06 

1.16 


1.17 

0.06 

1.16 

0.09 


2.79 

0.97 

0.03 

1.10 



0.06 

0.96 

0.04 


* Each entri'- is the mean of 5 observations. 


TABLE 4 


The mean oxygen and carbon dioxide content of the alveolar air and of the chamber air during 
the experiments reported in tables 1 , 2 and 5 



1 

1 

j SUBJECT 

: 1 

1 

i ; 

AXVEOLAH AIR 

oiAirnER ME 

Normal 

In low oxygen 

CO: 

Ch 

Equivalent 

altitude 

CO: 

^ i 

CO: 

0: 


i ; 

1 ■ 

v.rt. Hg 

jr.m. Hg ! 

mm. Hg 

mm. Hg 

per cent 

per cent 

fee! 

Table 1 

LMH* 

38 

100 ' 

32 

40 

0.22 

10.81 

17,000 


JDMf 

38 

103 

35 

41 

0.29 

11.24 

16,000 


MHH 

39 

99 

34 

50 

1 0.20 

12.52 

13,300 

Table 2 

MHHt 

39 

09 

! 



1 



1st alt. 


j 

1 37 

57 

0.21 

13.60 

11,000 


2nd ait. 



1 36 

40 

0.23 

12.14 1 

14,000 


3rd alt. j 



: 32 

' 31 

0.50 

10. SO 

17,000 

Table 3 

MHH 

! 42 

( 95 

34 

35 

0.18 

10.51 

17,000 


LMH 

38 

i 97 

1 1 

32 1 

35 , 

0.18 

10.30 j 

18,000 


* Moan of 3 experiments, 
t Moan of 2 experiments. 

t Three .successive “.altitudes" in single experimental session. 


ten-minute recover^' period. It should also be noted that o>:ygen was still being 
breathed during these ob-scivations %vhich lasted twenty minutes. After oxygen 
had been breathed for fifty minutes, the measurements were repeated and com- 
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plete recovery was found to have taken place. Apparently, the severity of 
anoxia is a factor in determining the recoveiy time. In an expeiiment on subject 
MHH (table 1, fig. 1 (C)) a seventeen-minute recovery period sufficed after 
exposure to 12.5 per cent oxygen whereas a longer period was necessarj’’ after 
exposure to 10.5 per cent oxj’’gen (fig. 2 (A)). Similar findings in relation to 



l06,o stimulus Intensity (photons ) 

Fig. 2. The slow recovery of the latent time subsequent to anoxia. The half-solid circles, 
representing measurements begun after oxygen had been breathed for ten minutes, indicate 
that onlj'" partial recovery had taken place. After fifty minutes with oxygen, recovery was 
complete. This may be contrasted with the rapid recovery of light sensitivity, which is 
complete within several minutes when oxygen is administered after oxygen-deprivation. 

The two curves in each graph are identical, a curve having been fitted to one set of points 
and translated horizontally to fall on the other set. The open and solid circles were treated 
as a single set. 

recovery from anoxia have been repox-ted by Gellhorn and Spiesman (11), who 
observed that in some cases the latent period remained lengthened ten minutes 
after exposure to atmospheres deficient in oxygen. 

The results of the analyses of the alveolar air and chamber air samples obtained 
duiing the expeiiments described in tables 1, 2, and 3 are presented in table 4. 
The findings are consistent with those of earlier expeiiments. 
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Discussiok-. The measure of latent time emplo 3 *e(l in these experiments is of 
necessit}’- a composite one, involving not onty the true latent time of the tusual 
function, but also the reaction time of the obser^mr. The question arises, there- 
fore, as to how much of the observed change dming oxj^gen deprivation is due to 
each of these components. Earlier experiments on simple reaction time (18) have 
shown a prolongation of onW about 0.02 second under conditions of anoxia even 
more severe than those in this experiment. The changes observed in the present 
stud 3 ^ are of a much greater order of magnitude. Consequents^ by far the largest 
proportion of the observed difference is due to an alteration in the true latent time. 
Furthermore, the fact that after-images frequently failed to appear at aU in 
response to weak stimuli during anoxia indicates a change in the sensoiy rather 
than the motor mechanism involved in the subject’s response. Prolongation of 
the reaction time would be expected to result in an upward tran.slation of the 
cunm on the time axis. It is not possible to ascertain from the data obtained in 
this experiment whether the translation of the cuiAm during anoxia has a vertical 
component in addition to the horizontal one. 

An anatysis of the mechanisms underlying the change in latencv" of the after- 
image during anoxia cannot be presented, since the mechanisms re.sponsible for 
the after-images in normal air are unknown. In a general wa 3 ' the relation 
between the latency of the after-image studied in this experiment and stimulus 
intensit 3 ' resembles that between the latenc 3 ' of the electrical after-discharge 
obsenmd in studies of the optic nerve potential and stimulus intensit 3 ^ (17, 19). 
The latent time of each of these phenomena decreases as the stimulus intensit}^ 
is increased. The order of magnitude of the latent time of the after-image is, 
however, much greater than that of the electrical after-discharge in the organi.sms 
studied to date. No reports have been published which deal with the optic ner\'e 
potentials during ox 3 -gen lack. Further con-elation of the.se phenomena is, 
therefore, not possible at the present time. 

The fact that the action of anoxia on the latency of after-images is comparable 
to decrea.sing the brightne.ss of the stimulus (the latent time being prolonged in 
both cases) suggests the possibility that the prolonged latency may be closely 
associated with the apparent dimming of the stimulus which is known to take 
place during oxygen deprivation. However, when oxygen is administered after 
exposure to low oxA'gen tensions, the \dsual field rapidly becomes brighter; light 
thresholds return to normal levels within three to four minutes. Yet the latenc 3 ' 
shows practically no recover}' after one breathes oxygen for a similar length of 
time. Consequently, other factors than those cau.sing the change in apparent 
brightness of the stimulus mu.st be involved and are probably related to a change 
in the velocity of the phy.sioIogicaI processes underlying the cventuation of the 
after-image. Additional evidence that the changes in some visual functions 
during anoxia are not due .solely to the factors producing the change in apj)arent 
brightnc.ss of the .stimulus has been brought forward by Berger, iMcFarland, 
Halperin and Xiven (20). Tliey studied the effect of oxygen lack mi the re.solving 
power of the e}’e, cmplo 3 'ing as a test object two luminous points on a darl^ 
ground. Tlie resolving power, a.s mea.sured Iw this method and in the intensity 
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range employed, improves when the brightness of the test points is decreased. 
It was expected, therefore, that anoxia, which is associated vdth an apparent 
dimming of the test points, would also improve the resohdng power. On the 
contrary, an impainnent took place, indicating the operation of other factors. 

The practical importance of after-images in relation to anoxia is probably not 
as great as that of A*isual acuity or light-sensitmtjL The slowness of the recovery 
of this function when oxygen is breathed after exposure to low ox 3 '-gen tensions 
maj^ however, be of practical significance. The behavior of the visual mecha- 
nism is believed to reflect changes in the central nervous sj’^stem, since the retina 
is embryologicallj' a part of the central nervous system and resembles it metaboli- 
callj' and anatomically. The slowness of the recoveiy of the function studied 
here maj’', therefore, be indicative of a similar delaj’^ in the recover}'’ of other 
central neirmus functions. This emphasizes the importance of the use of 0 X 3 'gen 
b}’’ airplane personnel at high altitudes as a preventive measure before au}^ appre- 
ciable effects of anoxia occur. If, instead, ox 3 'gen is used onl}’’ after the changes 
have alread}’’ taken place, a comparative!}’’ long time ma}”^ be required to revei-se 
them. The possibility that some central nervous functions recover slowl}’’ after 
anoxia suggests, furthermore, that certain factors contributing to landing 
accidents at sea-level after high altitude flights without an adequate ox 3 ’’gen sup- 
pi}' may be attributable to the residual effects of oxygen lack. 

sumiARY 

1. The effect of oxygen deficiency on the latent time of the “tertiary” ^^sual 
after-image was measured in a low oxygen chamber over a vdde range of stimulus 
intensities. Nine experiments were performed on tlu-ee trained observers. 

2. In normal air, there is an inveree relationship between the latent time of the 
after-image and the intensity of the stimulus; a reduction of the intensity of the 
stimulus prolongs the latency of the after-image. 

3. Anoxia prolongs the latency of the after-image. This effect is consistent 
with the apparent dimming of the ■\isual field which occurs during oxygen 
deprivation. 

4. The magnitude of the increase in the latent time during anoxia is inversely 
related to the intensity of the stimulus. 

5. During oxygen deprivation, the curve relating the latent time of the after- 
image to the logarithm of stimulus intensity is translated horizontally to the right 
on the intensity axis. This displacement is in the same direction and of the same 
order of magnitude as in the case of the curves relating foveal visual acuity and 
intensity discrimination to the logarithm of stimulus intensity. The data are 
not sufficiently precise to rale out the possibility of a slight vertical translation 
as well. 

6. The complete recovery of the latent time upon administration of oxygen 
may require up to fifty minutes, depending on the degree and duration of the 
antecedent oxygen deprivation and other factors. The apparent brightness of 
the visual field, and light thresholds, is restored to normal ’U’itliin three to four 
minutes. Consequently, the factors underl}ang the apparent dimming of the 
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stimuli cannot be the only ones responsible for the prolongation of the latent time 
of the after-image. 
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In the course of studies on the mechanism of secretion of the intraocular fluid, 
it has been sho'nm that the secretory activity of the ciliary body is intimately 
connected vith the existence in the tissue of a chain of redox reactions which link 
the cytochrome oxidase sj^stems of the epithehum with the dehydrogenase 
enzymes and substrates of the stroma (1). This redox chain can be activated 
by the presence of minute amoimts of epinephrine in the tissue (2). These 
experiments have not revealed whether some derivative of epinephrine enters 
directly as a mediating link in the redox chain, or whether the activation occurs 
in some more indirect manner. However, the first of these alternatives is at 
least possible for it has been shown b}’’ direct enzjmiatic studies that a derivative 
of the oxidation of epinephrine bj'- the cjdochrome system or by polyphenol 
oxidase can act as an oxidative mediator (3). 

In view of these findings it was natural to inquu-e whether the pharmacological 
activity of epinephrine^ on other adrenergic organs might occur through the 
activation by epinephrine of some redox pathways in the tissue metabolism 
which are not utilized by the tissue in its resting state. This large question 
regarding the mechanism of phaimacological action of epinephrine, we have not 
so far been able to subject to du’ect experimental test. A preliminary approach 
to the problem, however, is furnished by the follovdng argument. The oxidative 
chains which we are consideiing require as then first step the oxidation of epi- 
nephrine by an iron or copper containing system. Such a sj^stem would be 
expected to be cyanide sensitive. The degree of cyanide sensitivity of the ad- 
renergic reaction of various smooth muscle preparations is readily susceptible to 
experimental investigation. The present report concerns experiments under- 
taken with this end in view. 

The muscle of the rabbit’s small intestine is a particularly favorable organ for 
these experiments since, when suspended in glucose-T 3 U’ode solution, this tissue 
undergoes continuous rhj'^thmic contractions. The administration of epineph- 
rine causes an arrest of these contractions. On such an organ it is readilj’’ possible, 
therefore, to distinguish the effect of a small dose of cyanide which inhibits the 
epinephrine effect from that of a lai-ger dose of cyanide^ which abolishes the 
rhythmic contraction of the muscle altogether. Most of our experiments Avere, 
therefore, performed on this organ. It is possible, however, to extend these 
studies also to organs in which epinephrine excites muscular contractions. 

1 This work was supported in part by the John and Mary hlarkle Foundation. 

* The epinephrine for our experiments was kindly supplied to us by Parke, Davis & Co. 
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^^Tien, in such an oi’gan, the response to epinephrine has been abolished cya- 
nide, it is still possible to distinguish between an inhibition of the adrenergic 
response and a parah’^sis of the muscle bj'' tasting the response to some other 
pharmacodynamic agent. Experiments of this type will also be reported below. 

Scattered and somewhat conflicting reports are to be found of experiments 
similar to those here contemplated. Evans (4) found that the blood pressure 
re.sponse to epinephrme was depressed in cyanide poisoning though the vessels 
still responded to pituitrin and barium. However, he reports sjnergism between 
cj'anide and epinephrine on the intestine. Masing (5) found that cyanide in- 
hibited contraction of the hepatic vessels b 3 ' epinephrine but found that the 
glycogenol}'tie effect of epinephrine was not inhibited hy cyanide. This latter 
is in agreement with Cori’s conclusions that the gh’^cogenolytic effect of epineph- 
rine involves essentiall.y anaerobic mechanisms (6). Hazama (7) reported that 
cyanide in small doses abolishes the inhibitory effect of epinephrine on the 
intestine and itself caused .slight excitation of this organ and Starkenstein (8) 
found that c\’anide excited contractions in the epinephrine inhibited intestine. 

Our ovm experiments were performed exclusivelj’^ on excised organs saspended 
in TjTode solution, thus avoiding the possibility of complex and indirect effects 
that may be present in experiments on the intact animal. However, experiments 
on such isolated tissues are also not devoid of their onui .special complications. 
In particular we found it necessary’’ earty in our work to attempt to distinguish 
between effects taking place in the bathing fluid and those taking place within 
the tissue. It is well knovm that epinephi-ine undergoes oxidation ^vhen placed 
in TjHode solution and rapidty loses its pharmacological potency'. The sujjpras- 
sion of heavy metal catah’'sis of such oxidation by cyanide would lead to a larger 
effective dose of epinephrine reaching the tissue when c^mnide is present in the 
bathing fluid than when cjmnide is absent. In order to avoid the confusion of 
true phaiTnacological effects by chemical reactions occm’ring in the bathing fluid 
it was, therefore, necessarj’’ for us to find some way of controlling the oxidation 
of epinephrine in the bathing fluid. 

Bathing fluid effects. The literature on “auto-oxidation” of epinephrine Is 
quite extensive and has recentlj^ been reviewed bj'- Starkenstein (8), and by 
Clark and Raventbs (9). A great variety of substancas have been found to 
inhibit the auto-oxidation of epinephrine in vitro, and several of those have been 
shown to enhance and prolong the rasponse to epinephrine of various ti.s3ue 
preparations, ,‘imong the factors which enhance the rate of epinephrine auto- 
oxidation are; high pH, traces of iron or copper, exposure to glass surfaces. In 
T^-rode .‘-olution, the rate of auto-oxidation of epinephrine is 5 times that in 
blood. 

x\mong the substances which dimini.sli the auto-oxidation of epinephrine are 
pjTOgallol, ascorbic acid, glutathione, amino acids, semm and tissue extracts. 

It is Hkcly that what has l)een called “.sensitization to epinephrine” by .serum in 
the pharmacological assay technique (Schlos-smann and others) (10) is due to 
prevention of auto-oxidation. The same holds tnie for sodium citrate which is 
recommended a« a .sensitizer in epinephrine assaj' bj’ Stuber (11). 
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Our experiments were performed on isolated i-alibit’s small intestine and on 
non-pregnant rabbit’s uterus using the arrangement of iNIagnus (12). 

The test tissue was susijenclcd iu 100 ec. well aerated Tyrode solution containing 0.1 ])cr 
cent dextrose. Tlie ratio of batlnng fluid volume to tissue volume is important in these 
experiments. If the fluid volume is greatly reduced, for instance to 10 cc. for 1 gram of 
tissue, the bathing fluid effects reported below are much less striking. The temperature 
was kept between 38 and 40°C, bj' a water bath. The pH of the bathing fluid was approxi- 
mately 8.5. The animals from which the tissue was taken were either anesthetized with 
nembutal or killed by intravenous air injection or by a blow on the neck. The intestine 
preparations (usually ileum) were used on tlie day of their removal. Uterus preparations 
were used either fresh or after storage in the refrigerator for a day or two. 


In the search for a satisfactory method of controlling auto-oxidation of epi- 
nephrine in the bathing fluid, various substances were added to the Tyrode 
solution immediately before the addition of epinephrine. In table 1 are listed 
some substances which may variously be thought of as antioxidants or as metal 
binders which we have found to enhance the reactivity of the tissue to epineph- 
rine. All these .substances have the same effect (fig. 1). In the dosage used, 
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Fig. 1. EfTcct of the pre.soncc of 8-hydroxj'quinolinc (HQ) in the bathing fluid on the 
response to ci)incphrine (Adr.). Rabbit’s intestine. 


none of them caused any pharmacodynamic reaction of the muscle preparation, 
but the reaction produced by epinephrine added to the lYrode solution shortb' 
after any of these substances was much more intense and much more prolonged 
than that produced bj’’ the same dose of cpine])hrine when these substances were 
absent. 

Attention is particularly directed toward those colloids — lens proteins, egg 
albumin, gelatin, gum arabic — which when added to the Tyrode solution pro- 
duced the same effect as the antioxidants and metal binders. These colloids 
were thoroughb^ dialyzed against distilled water liefore use in these experiments 
and their effects constitute conclusive evidence that the phenomenon observed 
concerns reactions in the bathing fluid, not in the tissue. The protecting sub- 
stances must be added to the Tju-ode solution at least a few seconds before the 
epinephrine. If added simultaneous^' with the epinephrine, even if mixed with 
the epinephrine before addition, their effect is small or absent. It follows that 
the primary reaction of these iirotecting agents is with some substance in the 
T 5 ’-rode solution (probal)lj^ copjjer) not with epinephrine. Lens protein and egg 
albumin cause the Tju-ode solution to foam badly and were, therefore, not used 
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in subsequent experiments. Gelatin, if allowed to stand for a long time in well 
aerated T 3 uode solution, finallj* loses its protective value — possibh’^ through 
oxidation of its sulfhj’-drAd groups. In the experiments to be reported below, 
gelatin was added to the bathing fluid onl 3 ' shortl 3 ' before epinephrine. Gum 
arabic, on the other hand, keeps its protective capacit 3 " for a long time and ma 3 ' 
be added in the stock T 3 'rode solution. 

Effects of cyanide. The effect of C3'anide on the epinephrine response was first 
tested on the rabbit’s int&stine. In order to distinguish between reactions of 
C 3 'anide in the bathing fluid and genuine phaimacological effects, the C 3 ’anide 
experiments were performed both Anth and Avithout the addition of gelatin or 
gum arabic to the bathing fluid. In general, the C3'anide Avas added one-half to 
one minute after the gelatin or gum arabic and the same inteiwal before the 
epinephrine. If no gelatin or gum arabic is used, three different effects of C3'a- 
nide can be obserA'ed. In A'era* Ioav concentration^ (about 2.10~® molar) cA’anide 
abolishes or diminishes the effect of a small dose of epinephrine giA'en subse- 



Fig. 2. Effect of medium concentrations of cA'anidc on the response to epinephrine in tlie 
presence of gum arabic in the bathing fluid. Intc.stine. 

quenth'. In somewhat higher concentration (about molar) C 3 ’anidc enhances 
and prolongs the effect of epinephrine. In still higher concentrations (about 
G.10~^ molar) CA'anide abolishes the normal peristalsis of the tissues. The effect 
of the medium concentrations of c3-anide resembles that of protectiA-c anti- 
oxidants or metal binders in the bathing fluid. That this is a correct interpreta- 
tion is shoAATi In' experiments AA'ith gelatin or gum arabic in the bathing fluid. 
With these protecting sub.stances present, onh' two cffecfs of cyanide can be 
distinguished. With low and medium doses of CA'anide, Iho reaction to epineph- 
rine is diminished or inhibited (fig. 2). With high doses of C 3 'anide, the mtiscle 
is paral 3 'zed. 

The inhibition of the adrenergic response produccfl by cyanifJe is complete 
only for very .‘■mall doses of epinephrine. If larger dose.« of epinephrine are tiscfl, 
the inhibition of CA-anifle is overcome. The inhibition may be competitive but 
quantitatiAX* relalion.s coulfl not be AA'orked out .since it Avas impossil)lo to use large 

* Tbc concctiSnuion levels at Avbich tlie.se etlects Avere obtained varied corihider.nblj in 
different tissue prejianitions. 
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doses of cj^anide to balance large doses of epinephrine on account of the resulting 
paralysis of the muscle. The antagonism between epinephrine and C 3 '^anide can 
be exhibited also if cyanide is added after the epinephrine, in which case the 
adrenergic response is rapidlj’’ terminated. 

Precisel}’- similar results were obtained on the uterus preparation (fig. 3) except 
that, since the response of this organ to epinephrine consists in a contraction of 
the muscle, the suppression of the adrenergic response bj’’ small doses of cj'-anide 
could not lie immediatelj^ distinguished from a paralj^sis of the muscle produced 
1 d 3'- high doses of C 3 ^anide. This distinction could, however, be made by stimulat- 
ing the muscle either with pituitrin or with larger doses of epinephrine. 

Other substances which have a cyanide-like ejfect. In order to throw light on the 
mode of action of C3’’anide in inhiliiting adrenergic reactions, we have sought for 
other substances which might have a similar effect. 

Several of the substances listed b 3 ’- Stotz, Harrer and King (13) and by Grau- 
bard (14) as copper binders were tested. A number of these gave excellent bath- 



Fig. 3. Effect of medium concentrations of cyanide on the response to epinephrine in the 
presence of gum arabic in the bathing fluid. Uterus. 

ing fluid protection and are listed m table 1. The results with these substances — 
xanthate, dithiocarbamate, h 3 '^drox 3 ’^-quinoline — suggest that the epinephrine 
destro 3 ang catal 3 ’-st in the bathing fluid ma 3 '^ lie copper. Two sulistances among 
the “copper binders” showed effects similar to cyanide. These were thiourea and 
allyl thiourea in concentrations of about 10~^ molar and 10~^ to 10“® molar rep. 
In the presence of gelatin or gum ai-abic these substances inhibit or diminish the 
adrenergic response both of the intestine and of the uterus. As in the case of 
C 3 ’-anide, the inhibition could be overcome b 3 '’ larger doses of epinephrine. The 
toxic effects of larger doses of the thioureas were not investigated. In the 
absence of gelatin or gum arabic, threshold doses of the thioureas inhibited the 
adrenergic reaction. Larger doses 3 delded enhancement of the adrenergic reac- 
tion attributable to a bathing fluid effect. In this respect also these substances 
closety resemble c 3 ’-anide. 

Discussion. The biochemical effects of C 3 '-anide have generall 3 '- been classed 
as falling into three t 3 qies of primaiy reactions: metal binding, ketone binding, 
reduction. Thiourea can bind hea^y metals, but does not react readil 3 '- with 
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ketones and is at best a feeble and sluggish reducing agent. Since the same effect 
was achieved liy cyanide and by tliiourea, the implication is strong that the effect 
was produced by the inactivation of a heavy metal catalyst. Since, in all prob- 
abilit}^ thioui-ea does not sti-ongly bind iron it can Ije suggested that the heavy 
metal concerned is probably not iron but may be copper. We can conclude, 
therefore, that the adrenergic reaction of the smooth muscles studied requires for 
its operation the presence in the ti.ssue of a heavy metal component. These 
e.xperiments, of course, do not implj' that the reaction catalj^zed by the heavy 
metal must be an o.vidatixm one nor that e])inephrine itself is the substrate o.xi- 
dized, though neither of these suggestions is incompatible with the results of 
these experiments. 


TABLE 1 

Substances xohich enhance and prolong the epinephrine response of the rabbit’s intestine 


CRYSTALLOIDS 


Sodium diethyldithiocarbamatc 

Potassium ethylxanthate 

S-Ibydroxy-quinolino 

Sodium citrate 

Ascorbic acid 

Glutatliiono 

IVi'ptophanc 

Ty rosin 

Adrcriafonc (keto-cornpound to epineplirine*) 
1 (3-4-dihydroxyi)licnyl-) 2 aminopropanonc | 
(keto-compound to corbasil)* I 


COSCEN'- 

TRATtOS' 

COLLOIDS 

CONTES'- 

TRATIO.V 

1.10-' 

Dial 3 'sed len.s proteins 

P 

1.10-5 

Egg albumin 

1.10-5 

5.10-’ 

Dialj'sed gelatine 

1.10-^ 

1.10- 5 

1.10- ' 
1.10-’ 
3.W-* 

,'o .sat. 
.5.10-' 

Dialj-.scd gum arabic 

1.10 5 

5.10-" 




* TJje.se two suJjstanccs were kindly furnislicd us Ijy tlic Wintlirop Cliemicaf Comjjany 


su.MArAny 


Under appropriate conditions cyanide, thiourea, and allyl thiourea can be 
shown to inhibit or interrupt the adrenergic rcs])onsc of certain smooth muscle 
preparations. The anti-adrenergic effect occurs with concentrations of these 
substances which leave unchanged the capacity of the muscle to rcsjjond to non- 
adrenergic stimuli. These jjhenomena have been demonstrated both on the 
rabbit’s non-pregnant uterus in which the epinephrine normally excites contrac- 
tions, and on the rabbit’s small intestine in which epinephrine normally inhibits 
contractions. 

It is concluded that the adrenergic lespon.se in these organs lequires for its 
oi)cration the presence in the tissue of a heavy metal component, po.ssibly copper. 


REFERENCES 

(1) Fjukdk.vwai.u, .1. S. .A.MJ R. SxiKnr.EU. Arc!.. Oplitlial. 20: 701, 193S. 

FmcDE.vwAU), .1. S., IT. HEimMA.NN ANi> R. Bi;ka. P-ull. Jolins Hojikiri.s IIo.sp. 70: 

1 3042 . 

Fnnan-Nw.AT.u, .1. S., AV. BtscuKE axu II. O. .Mnana.. Arcl,. Opi.fiml. 29: 1013. 







CYANIDE AND OTHER SUBSTANCES IN ACTION OF EPINEPHRINE 


373 


(2) Friedexm'ald, J. S. and W. Buschke. Am. J. Ophthal. 24: 1105, 1941, 

(3) Friedenw’.^ld, j. S. and H. Herrmann. J. Biol. Chein. 146: 411, 1942. 

(4) Evans, C. L. J. Physiol. 63: 17, 1919. 

(5) Masing, E. Arch. f. exper. Path. u. Pharmakol. 69: 431, 1912. 

(6) Hegnaubr, a. H. and G. T. Cori. J. Biol. Chem. 105: 691, 1934. 

(7) IlAZ.'VjrA, F. Arch. f. exper. Path. u. Pharmakol. 106: 88, 1925. 

(8) Starkenstein, E. Arch, internat. de pharmacodyn. ct de therap. 65: 423, 1941. 

(9) Clark, A. J. .■vnd J. R.a.vent6s. Quart. J. Exper. Physiol. 29: 185, 1939. 

(10) Schlossmann, H. Arch. f. exper. Path. u. Pharmakol. 121: 160, 1927. 

(11) Stubbr, B., a. Russmann and E. A. Proebsting. Ztschr. f. d. gesamt. exper. 

Med. 32: 396, 1923. 

(12) M.vgnus, R. Pfliiger’s Arch. 102: 123, 1904. 

(13) Stotz, E., C. j. Harrer .and C. G. King. J. Biol. Chem. 119: 511, 1937. 

(14) Graubard, M. This Journal 131: 584, 1941. 



SOME EFFECTS OF LOW BAROMETRIC PRESSURES ON laDNEY 
FUNCTION IN THE lYHITE RAT^ 

HERBERT SILVETTE 

From the Pharmacological Laboratory, University of Virginia Medical School. 

Received for publication July 29, 1943 

In a recent monograph on the effect of anoxia on the body, Van Liere (1942) 
wrote of oxygen lack and the secretion of uiine: '‘Since, however, anoxic anoxia 
at times may produce an oliguria, and at other times a pol 3 mria, it is quite clear 
that more work is needed to establish clearly the mode of action of anoxia on the 
kidney.” 

Experiments reported by Van Liere and co-workers (1935) on barbitalized 
dogs breathing oxj'-gen tensions from 5 to 12 per cent oxygen (equivalent to alti- 
tudes from 14,000 to 30,000 ft.) and bj’’ Toth (1937) on dogs anesthetized with 
dial and breathing oxygen tensions of approximately 8 per cent (equivalent to 
24,000-25,000 ft.) agreed in that the majority of such animals responded to low 
oxj’'gen tensions bj'- oliguria; but occasional animals, in contrast, developed 
marked polyuria. Van Liere suggested that the oliguric threshold was ap- 
proximatelj’- 12 per cent oxygen (about 15,000 ft.), below which the urine output 
w'as decreased. 

The use of anesthetics undoubtedly influenced the above re.sults, for in later 
experiments Toth (1940) reported that in unanesthetized dogs with bladder 
fistulae polyuria was the common response to low oxygen tension, Langlej’’ 
and Clarke (1942) maintained unanesthetized dogs in a low-pi-essure chamber 
at 20,000 feet altitude equivalent, and observed a poljmria on the first day which 
tapered off on the follo^ving daj's of the expeiiment. 

Species difference appears to be as important as anesthesics in producing 
discordant re.sults, for Armstrong (1939) has shown that humans subjected for 
4 or 7 hours dailj’’ to a simulated altitude of 12,000 feet (483 mm. Hg) in a low- 
pressure chamber developed a poljmria in which the urine output was increased 
from 100 to 300 per cent over normal. McFarland and Edwards (1937) had 
prcvdousl}?^ reported that men making transatlantic flights at altitudes of 8,000 to 
12,000 feet showed no urinarj' volume changes in the case of two obseiwers, but 
a tendenc}' toward poljmria in the airmen responsible for the handling of the ship. 
Tliese conditions could not be considered controlled, however, and emotional 
and other influences undoubtedly were operative. 

Experiments performed in this laboratoo* over the past 3 years on unanes- 
thetized white rats in a low-pres.sure chamber have indicated that these animals 
respond to high altitudes in a manner corresponding to human beings rather than 
to dogs. Thus, while 3-hour exposure to 10,000 feet altitude equivalent pro- 

J This investigation has been made v.ith the as.sist.ance of grants from the Committee 
On Therapeutic Research, Council on Pharmacy and Chemistry, Americ.an Medical -\s- 
Eociation, and from the Ella Sachs Plotz Foundation. 
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duced no change in their urine output, exposure to 15,000 feet inrariably resulted 
in poljuiria, which, moreover, did not decrease or disappear on repeated exposure 
(Silvette, 1942). 

Other expeiiments on renal function in unanesthetized white rats in low- 
pressure chambers will be reported below. The conditions of these experiments 
were chosen to simulate actual flight conditions as closely as possible. The 
metabolic period was 3 hours in ever}’’ case, and experiments were designed to 
illustrate the effects of discontinuous (repeated daily) exposure rather than 
continuous exposure. Long or continued exposure to high altitudes ivithout 
additional oxygen supply represents an entirely different problem from that 
investigated here. 

Our experiments may conveniently be divided into the following groups: 

1. Effect of various high altitudes on urinary output. 

2. Influence of temperature on urine and phenolsulphonphthalein excretion 
at high altitudes. 

3. Effect of anemic anoxia on urine output. 

4. Influence of preliminarj’- water-load on urinary excretion at high altitudes. 

5. Effect of repeated dailj’- exposure to high altitudes on urinary excretion and 
kidne}'’ weight. 

6. Effect of post-pituitarj’- extract on the polyuria of high altitudes. 

Apparatus. Tv^o types of low-pressure chambers were constructed, both of 

which were fitted with automatic devices for maintaining both constant tem- 
perature and a constant low pressure. The first was designed to hold 12 in- 
dividual urine metabolism cages, but because of the reinforced wooden structure 
of this chamber only experiments up to 15,000 feet altitude equivalent (428 mm. 
Hg) were performed therein. For experiments from 15,000 feet to 30,000 feet 
altitude equivalent (up to 226 mm. Hg), four glass desiccators, each of 9 liters 
capacity, were enclosed in a miniature constant temperature room, and 3 animals 
placed in a dmded cage in each low-pressure (desiccator) chamber. Urine was 
collected under paraffin oil, individuall 3 '' in the case of experiments up to 15,000 
feet, and pooled in four groups of 3 rats in experiments at higher altitude equiva- 
lents. A continuous measured supplj’’ of fresh air was permitted to pass through 
the low-pressure chambers, the rate of flow being at least ten times the calculated 
requirements of the 12 animals comprising each single experimental group. 

Results. 1. Effect of various high altitudes on urinary output. The average 
urinary output of 84 control white rats while in the low-pressure chamber but at 
room pressure and temperature was 0.4 cc. per 100 grams body weight per 3-hour 
metabolism period. The uiine output at 10,000 feet altitude equivalent (523 
mm. Hg) was not significantlj'' different from the control figure, but at 15,000 
feet altitude equivalent (428 mm. Hg) the average urine output rose to 1.0 cc. 
urine per 100 grams bodj’" weight duiing the metabolic period, an increase over 
the normal of 150 per cent. T his poljuiria was stiU more marked at an altitude 
equivalent of 25,000 feet (282 mm. Hg), for in 63 rats maintained at this pressure 
for 3 hours the average urine output was 1.6 cc. per 100 grams, or an increase of 
300 per cent over the control levels. 
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The high-altitude polyuria could apparentlj' be modified to a certain extent by 
previous exposure to lower altitudes. Figure 1-A shows the average urine output 
of 12 rats at room pressure (0 feet, the relatively unimportant height of the 
laboratory above actual sea-level being disregarded), followed by their average 
urinarj^ output at 15,000 feet for the next 3 days. Figure 1-B illustrates the 
efiect of exposing a fresh group of 12 animals to 3 daily periods at 10,000 feet 
before their first exposure to 15,000 feet. The results indicate that prelhninai^’’ 
exposure to the lower altitude so acclimated the animals that 15,000 feet ex- 
posure no longer induced a pol^mria; it was now necessary to reduce the pressure 
to 20,000 feet altitude equivalent before the first e\udence of diuresis was ob- 
served. Raising the altitude to 25,000 feet and then to 30,000 feet in this series 
increased still further the obserr^ed polyuria (fig. 1-B). 



Fig. 1. Effect of 3'hour e.vposure to various high altitudes on urine excretion of white rats. 

2. Influence of iemperaliire on urine arid phcnolsulphonphthalein excretion at 
high altitudes? Groups of 12 rats were injected intraperitonealh' with 5 cc. jicr 
100 grams of a solution containing 0.2 per cent sodium chloride and 2 mgm. per 
cent phenolsulphonphthalein and then placed in individual metabolism cages 
in the low-pressure chamber at an altitude equivalent of 15,000 feet. The 
chamber was maintained at a constant temperature of 10°, 20°, 30° or 40°C., and 
at the end of a 3-hour metabolic period the urine was measured and the dye 
determined colorimctrically. Results are given in table 1 as averages ± j)rolj- 
able error of the average. It will be seen that, regardless of the temperature 
from 10° to 30°, the animals reacted to 15,000 feet equivalent altitude by poly- 
uria, which was further increased by cold but decreased by wannth. The d^'c 
excretion, however, was insignificantly affected, though it is questionable vvlic- 
ther a phenolsulphonphthalein excretion time as long as 3 hours has more than 
comparative value, lllien the temperature was raised to 40^, jiractieaJIy all 
of the animals died within the experimental period, and those still survivingat 

- Tiicsc results were abstracted in part in Silvettc (IW.Ia), 



377 


LOW BAROMETRIC PRESSURE AND RENAL FUNCTION 

the end were aniiric. This was probably due to the high temperature and not 
to the low pressure involved. 

To compare the effects of 15,000 and 25,000 feet altitudes, a series of 44 animals 
was injected as above and maintained for 3 hours at 25,000 feet. The average 
urine output at 25,000 feet was 3.7 rt 0.17 cc. per 100 grams as compared vdth 

4.0 ± 0.12 cc. at 15,000 feet (both at 20°C.). Whereas in uninjected animals the 

25.000 feet polyuria was much greater than the 15,000 feet diuresis (see section 
1 above), in animals caiaying a water load of 5 cc. per 100 grams body weight the 

25,000 feet poljmria was less than that observed at 15,000 feet. 

3. Effect of anemic anoxia on urine out-put. Before investigating the further 
effects of anoxic anoxia (due to decreased barometric pressure) on urinary out- 
put, the comparable effects of anemic anoxia (due to the inhalation of carbon 

TABLE 1 


Effect of various temperatures on urine and phenolsulphonphthalein output of white rats 

at high altitudes 


KUITBER OF 
KATS 

TEMPERA- 
TURE OF 
CHAMBER 

0 FEET 

13,000 FEET 

Urine output 

P.S.P. excretion 

Urine output 

P.S.P. excretion 


°c. 

cc./lOO gm./Skrs. 

per cent 

cc.lJOO gm./3 hrs. 

per cent 

36 

10 

3.7 ± 0.13 

66 ± 1.1 

4.7 ± 0.12 

65 i: 0.9 

36 

20 

2.7 ± 0.09 

64 ± 1.4 

4.0 ± 0.12 

70 ± 1.1 

36 

30 

2.1 ± 0.08 

55 ± 1.0 

3.7 ± 0.14 

61 dr 1.0 

12 

40 

0.5 


(dead) 



TABLE 2 

Effect of carbon monoxide on urmc and phenolsulphonphthalein excretion of rats 


NUMBER OF 
RATS 

1 

EXPERIMENTAL CONDITIONS | 

URINE OUTPUT 
(A^TERAGE ± P»E.av.) 

P.S.P. ZXCEETION 

(average ± PJS.av.) 



ce./JOO gm. B.]V./3 hrs. 

per cent 

36 

Normal control* 

2.7 dr 0.09 

64 dr 1.4 

46 

Exposed to carbon monoxide 
(0.4%) for 60 minutes 

2.2 dr O.OS 

56 dr 0.07 


* See text. 


monoxide) were deteimined. The 500-liter chamber containing 12 rats in 
individual metabohsm cages (previously injected vdth fluid and phenolsulphon- 
phthalein as in section 2 above) was sealed and partially evacuated, and the 
calculated amount of pure carbon mono^de gas was allowed to flow in to bring 
the CO-concentration of the enclosed air (now at room pressure) to 0.4 per cent. 
This concentration of gas was allowed to remain for 60 minutes before being 
replaced by fresh air. Four-tenths per cent carbon monoxide acting over one 
hour was sufficient to color the animals’ skin (ears) the typical cherry-red in most 
instances, but was not lethal in any case or even seriously toxic, as judged by 
their general condition. 

After a 3-hour metabolic period the urine was measured and the dye concen- 
tration determined colorimetrically. The results are given in table 2, compared 
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with control animals under similar conditions save for the absence of carbon 
monoxide. It vdll be obseiwed that anemic anoxia brought about by carbon 
monoxide resulted in decreased urine and phenolsulphonphthalein output in 
contrast to the polyuria udth normal or even increased dye excretion induced 
bj’’ anoxic anoxia due to exposure to low barometric pressure. 

li\Tien the carbon monoxide concentration was further mcreased to 0.8 per cent 
there were many deaths, but in the still-hving animals the oliguria was even 
more pronounced than in the case of rats exposed to 0.4 per cent concentration 
of the gas. 

4. Influence of 'preliminary 'waler-load on urinary excretion at high altitudes. 
Further experiments were designed to test the effect of various water-loads on 
urine output. As shown in table 3, the greater the water-load between 0 and 10 
cc. per 100 grams body weight, the greater the absolute excretion of urine but 
the less the relative increase in urinaiy output of the animals maintamed at 
15,000 feet over their control (0 ft.) levels. 

5. Effect of repeated daily exposure to high altitudes on urinary excretion and 
kidney 'weight.^ Fresh male rats maintained on a stock diet of Purina dog chow 

TABLE 3 


Effect of varying -waler-load on excretion of urine at 15,000 feel altitude equivalent 


OP RATS ! 

WATER LOAD ^ 

AVERAGE XJRXjn: 
OUTPUT AT 0 FEET 

AVEP*AGE URINE 
OUTPUT AT 

15,000 TEET 

nfCREASE IK CTUKE 
OCTPDT AT 15,000 FEET 
OVZJt 0 FEET IX\TL 


ee. OJ % NaCI/m 
gm. a.ir. i.p. 

cc./WO gm. 
a.ir./j %rs. 

cc.ttOO gm. 
B.W./S /ns. 

Per cent 

36 

0 

0.4 

1.0 

150 

36 

5 

2.7 

4.0 

48 

36 

i 10 

3.9 

5.0 

28 


and liberal amounts of greens, with water allowed ad libitum., were used. In 
groups of 12 they were weighed and placed in metabolism cages in the low- 
pressure chamber which was then evacuated to 15,000 feet altitude equivalent 
for a period of 3 hours. During this time the temperature was not controlled 
and generally' varied from 23° to 28°. At the end of the 3-hour metabolic period 
air was admitted, the animals removed and their urine volume read and re- 
corded. Three groups of animals were exposed to this simulated altitude for 3 
hours daily for 17, 27 and 27 days respectively, and the average urine output of 
the first two groups is .shoum graphically in figure 2. The third group was 
sacrificed at the end of 27 days for histological examination and for the determina- 
tion of organ weights. At the same time a control group of rats, maintained for 
the same period of time on the same diet and under .similar environmental condi- 
tions, except for non-exposure to high altitudes, was sacrificed for control ob- 
ser\'ations. 

Out of the total of 3G animals given 3-hour daily exposures to an altitude 

•‘A preliminary report of the results al I.*;, 000 feet equivalent altitude was Riven in 
Silvptte (1042). 
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equivalent to 15,000 feet, only one died (on the 20th day). The remainder of 
the animals gained weight normally and appeared to be in perfect health through- 
out the course of the experiihent. 

The polyuria previously obser^md on single exposure of animals to 15,000 feet 
altitude was maintained throughout the long-term experiments at a generally 
high level. An initial marked diuresis observed in one group was not sustained 
(fig. 2-B), which may perhaps be taken as evidence of acclimatization; but at no 
time in the experiment did the uiine output for the 15,000 feet metabolic period 
fall to that observed at room pressure. The other two groups did not show even 
this slight evidence of acclimatization, though in all three series the polyuric 



Fig. 2. Effect of daily 3-hour exposure to 15,000 feet altitude equivalent on urinary out- 
put of white rats. 

response was cyclic, which may have been due to outside meteorological condi- 
tions prevailing throughout the course of the experiment. 

When the animals were tested at room pressure folloving the determination 
of the period of 15,000 feet exposure, the uriae output was observed to approxi- 
mate that of normal animals never exposed to low pressures. 

Two groups of 12 rats were similarly exposed for 3 hours daily to an altitude 
equivalent of 25,000 feet for 27 days each; the average urine output is shown 
graphically in figure 3. At the end of this time one of the groups was saciificed 
for histological study and organ weights, together wth a control group which 
had not been exposed to high altitudes. The remaining group was then followed 
for 8 days at room pressure and then re-exposed to 25,000 feet altitude for 3 hours 
daily for an additional 9 days (fig. 3-B). 

There were no deaths in the first group of 12 animals exposed intermittently 
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for 27 daj's to 25,000 feet, and in the other group one animal died on the Sth day 
and one was sacrificed on the 27tli da 3 ’' of the expeiiment. In contrast to animals 
exposed to 15,000 feet, which gained weight normall 3 ^ throughout the experiment, 
the 25,000 feet rats actual^ lost weight during the first few days of the experi- 
ment and onl 3 '' then began a slow moderate increase in bod 3 '' weight. This is 
demonstrated in table 4, which gives the average daii 3 '' weight and average 
respiratoiy rate of the series desciibed graphicall 3 ’- in figure 3-A. The respiratoi 3 ’' 
rate showed some e^ndence of adaptation and then acclimatization to the daily 
exposure to high altitude. 



Fig. 3. EfTect of daily 3-liour exposure to 2-5,000 feet altitude equivalent on urine output 
of vhite rats. 

Tlie jiDbrnria obseived in rats exposed dail 3 ' to 25,000 feet altitude was even 
more pronounced than that recorded at 15,000 feet (fig. 3 and table -1). There 
was no evidence of acclimatization in.sofar as urinar 3 ' output was concerned. 
In one group, indeed, the pol 3 ’uria seemed to increase with time (fig. 3-A). An- 
other significant difference between the two altitude effects was observable when 
the 25,000 feet group was tested at room pressure following the intermittent 
e.xposure to tins altitude equivalent for 27 days. Immediately after long dis- 
continuous e.xposiire to 25,000 feet the average uiinarv* output at room pressure 
wa.'-- more than twice the iirine excretion before the start of the e.xperiment. 
Onl.v after .several da 3 -s of recovey did the urine output return once more to the 
control level ffig. 3-B). This indicated that dysfunction in the case of the 
25, (KH) feel group was more severe than that noted at 15,000 feet, a conclusion 
io which the two levels of pohmria lend contributor 3 ' e^'idcnce. 
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FolloRang the termination of the experiment as graphically outlined in figure 
3-B, the animals ivere allowed to recover at room pressure under standard dietary 
conditions, and one month later were sacrificed for histological examination. 

TABLE 4 


Respiratory rate and urine outpxil of 12 while rats exposed to 25,000 feel equivalent altitude for 

8 hours daily 


RUN 

ALTITUDE 

EQUIVALENT 

nODY WEIGHT 

(average) 

URINE OUTPUT 

(average) 

EESPIPATORY RATE* 

(average) 

1 

feet 

• 0 

srams 

192 

cc./lOO gm. 
B.ir./j hrs. 

0.4 

resp./min. 

78 

2 

25,000 

190 

0.6 


3 1 

25,000 

187 

0.7 


4 

25,000 

186 

0.6 


5 

25,000 

185 

1.0 

79 

6 

25,000 

186 

1.1 

89 

7 i 

25,000 

185 1 

0.9 

90 

8 

25,000 

187 

1.1 

109 

0 

25,000 I 

184 

1.6 

102 

10 

25,000 

188 

1 1.6 

104 

11 

25,000 

189 

1.7 

103 

12 

25,000 

187 

1.6 

105 

13 

25,000 

192 

1.7 

106 

14 

25,000 

192 

1.8 

101 

15 

25,000 

192 

1.9 

i 100 

16 

25,000 

193 

1.6 

98 

17 

i 25,000 

193 

1.5 

1 96 

18 

25,000 

196 

1.7 

96 

19 

25,000 

1 199 

1.7 

102 

20 

25,000 

198 

1.6 

98 

21 

25,000 

200 

1.7 

94 

22 

25,000 

202 

1.9 

93 

23 

25,000 

203 

2.0 

97 

24 

25,000 

204 

2.1 

98 

25 

25,000 

201 

1.8 

101 

26 


203 

1.8 

98 

27 


203 

2.2 

97 

28 


201 

1.8 

98 

29 

0 

201 

1.0 

S3 

30 

0 

211 

0.8 

82 


* Respiratory rates taken h hr. after start of each experiment, at midpoint of exp., and 
i hr. before end, and the 3 readings averaged to obtain resp.rate of each rat; thus each 
figure above represents average of 36 readings. 


The relatwe weights of the kidneys in (A) normal control animals, (B) in 

• » ^ ^ ^ t 1 •! _ i* OT 7 nnn ol^Tfnrlrk r\‘(- 
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of relative liypertroph 3 r and the 25,000 feet exposure to a still more marked 
degree, but that recoverj’- was followed bj- a fall of relative kidney weight below 
that of the initial normal controls. 

Histologically, the kidnejsS of rats exposed for 3 hours daily to 15,000 feet 
altitude for 27 da 3 ^s appeared quite normal except for generalized hj^peremia, 
but signs of beginning renal damage were observed after similar exposure to 
25,000 feet. In the latter animals there was also renal hj'-peremia, and in 
addition, in several instances, necrosis of some peripheral tubules in the cortex. 
Pathological changes in the tubules, but accompanied by ischemia in place of 
hyperemia, were even more e\ddent in the kidnej's of animals allowed to recover 
at room pressure for one month following a similar period of 25,000 feet exposure 
(Kindred, 1943). The red cell count of the 15,000 feet exposure animals was 
essentially normal, but in those exposed to 25,000 feet for 27 days the erythrocjde 
count rose from a normal control level of 8,700,000 per cu. mm. to 11,700,000 
per cu. mm. 


TABLE 5 

Effect of exposure to high altitudes on kidney weight 



KORifAL CONTROtS 
(0 FT.) 

EXPOSURE TO 13,000 EXPOSURE TO 23,000 
FEET POR 3 HRS, FEET FOB 3 HRS. 

BAIty, 27 DAYS i DAllY, 27 DAYS 

. 1 

P.ECOI'ERY PERIOD, 

1 StOXTH AFTER EX- 
POSURE TO 23,000 FEET 

B^odv ! 

fl'Clffflt 1 

' 1 

1 1 

AA’eisht ! 
of 

kidneys/ 

100 BTO. 

B.AV. 

Body 
v.-cight ! 

AA'cipht j 

kidneys/ j 
too Kui. 1 
B.AV. j 

Body 

might 

AA'eiRht 

of 

kidneys/ 
100 Bin. 
B.AV. 

Body 

might 

n 


1 1 
i 1 

mgm. 

1 

Xm. 

mgm. j 

xm. 

mgm» 


msm. 

Maximum 


9G5 

275 

1050 i 

250 


320 

825 

Minimum 

i 210 

770 

225 

1 8.50 i 

ICO 

890 

249 

080 

Average 

253 

876 

239 1 

9.f6 i 

205 j 

1,070 

294 

770 

No. rats 

1.5 

15 


11 1 

12 i 

12 

8 

8 


0. Effc-cl of ■posl-'pitnitary extract on the polyuria of high allitudes.^ Experiments 
were performed to determine whether the poljmria obseiwed at 15,000 feet could 
be reversed l^j"^ the administration of post-pituitar}" extract. In one series of 
full.v-fed animals injected Avith 5 cc. 0.2 per cent sodium chloride solution per 
100 grams body Aveight, the 3-hour urine excretion at room pressure averaged 2.1 
cc. per 100 grams. Animals similarly' injected but exposed for 3 hours to 15,000 
feet excreted on the a\'crage 5.0 cc. urine per 100 grams. Other animals, simi- 
larly treated but Avith the addition of post-pituitary extract (1.5 U.S.P. units 
per 100 grams B.W.) before exposure to 15,000 feet, aA-eraged only 1.9 cc. urine 
in the 3-hour period, thus indicating that the pobrnria of high altitudes was 
inhi])itcd by the antidiuretic hormone. 

Further animals Avere treated as folloAvs Avith weekly rest periods between ex- 
periments: After a preliminary fasting period of 12 hours during Avhich the ani- 
mals were alloAA'ed Avater ad libitum, they Avere injected Avith 10 cc. per 100 grams 
0.2 per cent .sodium chloride solution AA-ith or AAithout pituitary extract, and 3 

* Tlc-i-'c re?tiUs havf teen f^iven in ribstract by Silvctte (1043b). 
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hours later exposed in metabolLsm cages either to room pressure or to 15,000 
feet altitude equivalent for a period of 3 hours. Results are given in table 6. 
In these experiments too the injection of post-pituitary extract reversed the 
high-altitude polyuria. Furthermore, the water retention brought about by 
equal doses of post-pituitary extract either at 0 or 15,000 feet was almost the 
same, i.e., 3.2 cc. at room pressure and 3.3 cc. at 15,000 feet. This would seem 
to indicate that the renal tubules were as sensitive to the antidiuretic hoiTtione 
at low barometric as at room pressure. 

Discussion. Exposure to sufhcientlj’^ high altitudes for 3-hour periods in- 
variably led to pol3mria in the white rat. At 10,000 feet altitude urinaiy excre- 
tion remained unaffected, as it did at 15,000 feet if the animals were first ac- 
climated by preliminaiy exposure to 10,000 feet. But fresh animals exposed 
to 15,000, 20,000, 25,000, or 30,000 feet showed a marked diuresis which increased 
as the barometric pressure was lowered. In view of the reported results of other 
workers (^^an Liere et al., 1935; Toth, 1937) that dogs subjected to low oxygen 
tensions developed oliguria, it was at first thought that if the barometric pressure 
were sufficiently lowered, rats also would respond by reduced urinary excretion. 

TABLE 6 


Ejfcct of post -pituitary extract on high-altitude polyuria* 


KUMBER OF RATS 

POST-PITLITARY EXTRACT 1 
INJECTED i 

AV'ERACE 3-HOBR URINE 
OUTPUT AT 0 FEET 

AVERAGE 3-nOUE URINE 
OUTPUT AT 15,000 FEET 


unils/lOO gm. fl.IC. 

cc.pOO gm. B.W, 

cc./}00 gm. B.ir. 

36 

0 

3.9 

5.0 

36 

1 

0.7 

1.7 


* For details, see text. 


However, rats exposed even to 30,000 feet altitude equivalent for 3 hours and 
dying of the exposure continued to exhibit the characteristic polyuria almost to 
the point of death. In other words, only moribund animals showed oliguria at 
high altitudes. 

The poljmric effect of anoxic anoxia is entirety different from the effect on urine 
output observed in other types of anoxia. In anemic anoxia, due to carbon 
monoxide poisoning, the urinary output was reduced 18.5 per cent and the 
phenolsulphonphthalein excretion was reduced 12.5 per cent below the control 
levels, whereas anoxia due to low barometric pressure caused respective increases 
over the normal of 48 and 9.4 per cent. The stagnant type of anoxia, resulting 
from hemorrhage or circulatory failure, also leads to oliguria, as clinical experi- 
ence demonstrates; and so does histotoxic anoxia brought about by cyanide 
poisoning (Beck, Kemp ton and Richards, 1938). Thus, of the four types of 
anoxia in Barcroft’s classification, onl}’’ anoxic anoxia leads to polyuria. 

The water loss by way of the kidneys was so severe (1.0 to l.G cc. per 100 
grams body weight in 3 hrs., exposure to 15,000-25,000 ft.) that it could not be 
expected that prolonged exposure to high altitudes would bring about an even 
greater diuresis. Indeed, the contrary is paradoxicallj’’ true, for CoUings et al. 








384 


HERBERT SILVETTE 


(1943) report that young rats exposed for 12 to 24 hours to 380 nun. Hg (18,000 
ft.) had urine volumes which were essentially identical with the controls. It is 
likely that the initial polyuria of the first few hours, which has been the invari- 
able reaction shown bj'- our animals, was compensated for by a subsequent 
oliguria, so that the urine volume over the 12-24 hour period w'as apparently 
noi-mal. The results of certain of our own experiments lend credence to this 
belief: 30 rats were primed with 10 per cent of their body weight of fluid and 2.5 
hours later were placed in metabolism cages for 9 hours. Urine output for the 
first 3 hours (experimental period) averaged 3.9 cc. per 100 grams bod}" weight; 
for the second 3 hours (first recovery period), 1.1 cc.; and for the third 3 hours 
(second recovery period), 0.9 cc. Later, the same rats were similarly treated, 
except that they \vere exposed to an equivalent altitude of 15,000 feet during 
the 3-hour experimental period. The average urine output per 100 grams body 
w'eiglit during this experimental period wns 5.0 cc. while at 15,000 feet, then 0.5 
cc. during the first and O.G cc. during the second recovery periods. Thus it mil 
be seen that, 'while the animals really showed the characteristic high-altitude 
pol}mria when the twm experiments were compared in detail, on the basis of the 
Mai 9-hour urinaiy excretion the controls excreted 5.9 cc. urine and the high- 
altitude rats onl}" G.l cc., essentially identical figures. 

The significance of the experiments on repeated exposure to high altitudes 
lies in three facts: that the polyuria was maintained for the duration of the 
experiments essentially unchanged; that following the termination of the period 
of exposure tlie urinaiy excretion returned to normal levels immediatel}" or at 
the longest after a few days; but at the .same time there was histological evidence 
of limited renal damage. 

The increase in kidney -weight relative to body weight after long discontinuous 
exposure to high altitudes was apparently not due to hypertrophy of any one 
part of the kidney at the expense of the other parts. The renal cortex and 
medulla retained their normal proportions to one another, and the tubules and 
glomeruli their normal diametei-s (Kindred, 1943). 

While these differences in kidney w'cight reported herein are statistically highl}" 
.significant, it must be conceded that the high-altitude hypertrophy and suc- 
ceeding atroph}' of recover}" can be mathematically exjflained on the basis of 
loss or gain in body weight. However, from other considerations (such as the 
relation of kidney to body weight in normally-growing animals (Donaldson, 
1924) and detailed histological studies in progress by Kindred (1943)), it is be- 
lieved that the kidney weight changes obscived bear a truly valid relationship 
to the functional changes (in urinar}' output) reported, though this relationship 
cannot be elucidated at the present time. 

Other investigators have reported that, long e.xposure to .low barometric pres- 
.siires led to a decrease in relative kidney weight. Sundstrocm and Michaels 
(1942t noted a con.sisterit decrease in the weights of kidneys of rats e.xposed 
continuouslv to pros’sur(?s of 4f»t) mm. (13,000 ft.), 3G0 mm. (19,000 ft.), 300 mm. 
(2.3,500 ft.’/and 200 wrn. Hg (27,000 ft.y Tornetta c/ al. (1943) reportcfl that 
male rats cxposcfl to [iressures of 2.50 to 280 mm. Hg (25,ODi)"28,OGO ft.) for G 
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hours dail3’ for 14 to 18 daj^s showed significant decreases in kidne}’- weights. 
Eighteen to 20 hours’ exposure for 3 to 12 daj^s led to even greater kidnej^ weight 
loss. 

These experiments differed from those reported herein in that the dailj^ ex- 
posure to high altitudes was much longer, or even continuous, whereas the num- 
ber of daj'S was usuallj' less. Since the technique of measurmg relative weights 
of such organs as the kidnej's cannot be questioned, the discordant results ob- 
tained b}' the various workers must be a function of the different experimental 
conditions set up. 

The reason for the high-altitude poljairia, lilce the explanation of the gain or 
loss in relative kidne}' weight, is still not clear. The relative glomerular Ity- 
peremia ma^’- be active, i.e., due to afferent arteriolar dilatation; passive, i.e., 
due to efferent arteriolar constriction; or secondaiy to polycythemia, though the 
latter was found onl}’’ at 25,000 and not at 15,000 feet. This hyperemia maj'’ well 
hai'e increased glomerular filtration somewhat, but the increase in urine excre- 
tion of 300 per cent over the normal at 25,000 feet was too great to be explained 
except 1 d 3" decreased tubular reabsorption as well. That there actually was 
tubular damage sufficient to bring about such decreased tubular reabsorption of 
fluid ma}' be inferred from the histological evidence presented bj'- Kindred 
(1943) and summarized in section 5 above. 

SUMMARY 

E.xposure to sufficient^’’ low barometric pressures for 3-hour periods invariably 
led to polyuria in the white rat. After exposure to 15,000 feet altitude equiva- 
lent the urine output was increased 150 per cent and after 25,000 feet exposure 
300 per cent over the control (0 ft.) levels. 

The high altitude poljmria was further increased bj’’ cold (10°C.), but de- 
creased by heat (30°C.). 

Phenolsulphonphthalein excretion was not significantly affected during ex- 
posure to 15,000 feet altitude equivalent. 

In contrast to the polyuria with nonnal phenolsulphonphthalein e.xcretion 
observed at high altitudes, anemic anoxia due to carbon monoxide poisoning 
resulted in decreased urine and dye excretion. 

The greater the water-load, the greater was the absolute e.xcretion of urine 
at 15,000 feet, but the less the relative increase in urinaxy output over the con- 
trol (0 ft.) levels. 

Repeated 3-hour daity exposui’es of white I'ats to simulated altitudes of 15,000 
or 25,000 feet had no significant effect on their pobmric response, which was well 
sustained throughout the 27-da3’’ expexlments. At the end of this time, when 
tested at 0 feet once more, the urinaxy excretion was normal or retuimed to normal 
within a few days. Relative kidnej’’ weights of these anxmals indicated a slight 
degree of renal hypertrophy after the pex’iod of 15,000 feet exposuiu, a more 
marked degree of hj^pertrophy after 25,000 feet exposure, but an apparent 
atrophj’’ after a one-month recovexy period at room px’essure. The histological 
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picture of the kidneys of animals after long intermittent exposures to 15,000 
feet was normal, except for marked hj’peremia, but at 25,000 feet beginning 
slight pathological changes occui’red. 

The poljmria of high altitudes may be inhibited or reversed b}' the injection 
of post-pituitary extract. 
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Silvette (1) in a recent paper reported a greater output of urine in rats subjected 
for three hours daily for 27 days to low barometric pressure (428.8 mm. Hg, 
equivalent to altitude of 15,000 ft.) than in the same rats and in control groups 
maintained at room pressure. Since this publication, Silvette has carried his 
experiments further and has sulrjected rats to lower barometric pressure (equiva- 
lent to 25,000 ft. altitude) for the same periods of time. He reports a further 
increase in urine output as compared with the rats at room pressure (fig. 1) and 
at pressure equivalent to 15,000 ft. altitude (2). Silvette observed that accom- 
panying the increased urine output there was a relative increase in the weight 
of the kidneys per 100 grams of bodj’’ Aveight. Since no histologic studies have 
appeared concerning the kidneys of animals so treated, the animals Avere turned 
oA'-er to me folloAving these experiments AAuth the request that the kidneys be 
examined for morphologic changes AAfiiich could be related to the functional 
changes and the changes in Aveight of the kidneys AAKich Avere reported. *The 
important physiologic change to AA^hich the experimental rats haA'^e been subjected 
is anoxia. 

Materials. Three groups of living rats, all males, of Wistar strain, but not 
litter mates, were turned over to me for study immediately after the experiments. 
Group I, controls, 15 rats, average AA^eight 250 grams (range, 210-300 grams); 
group II, 11 rats AA^hich had been exposed to barometric pressure equivalent to 
15,000 ft. altitude for ,3 hours daily for 27 days, average AA-^eight 236 grams 
(range, 230-275 grams) ; group III, 12 rats AAKich had been exposed to barometric 
pressure equivalent to 25,000 ft. for 3 hours daity for 27 days, aA’-erage weight 205 
grams (range, 160-250 grams). These rats AA'ere killed AAoth ether. Blood counts 
AA'ere made from the femoral arteiy just before death. FolloAAing death the 
kidneys and certain other organs AA'ere removed and Aveighed to the nearest 
centigram. 

The Iddneys were either split in the sagittal axis or transverse to the long axis 
and fixed in either Helly’s fluid or in 10 per cent formalin. The usual parafiin 
technic of embedding and sectioning AA'^as followed. Sections were cut at / 
microns and stained either AAnth hematoxjdin and eosin or AAfith Kornhauser's 
quadruple stain (3). The latter is an excellent stain, because the red blood 
corpuscles, tubules and cormective tissues are sharpty differentiated from each 
other. 

In addition to this material, eight male rats, average AA'eight 294 grams (range, 
249-320 grams), Avhich had been exposed 3 hours daify for 27 days to 282 mm. 
Hg pressure (equNalent to 25,000 ft. altitude) follovong AA^hich they had been 
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kept at room pressure for one month, were killed Doctor Silvette and the 
kidneys were removed, weighed and fixed in 10 per cent formalin and given to me. 
The histologic technic described above was applied to these kidne^^. These 
Mill be designated as rats of group IV, and the others as groups I, 11 and III, 
respectively, in the following description. 

Observations. The average weights of the kidnej-s per 100 grams of body 
weight with their standard errors were as follows: Coup I (controls); 875 =fc 15 
mgm. Group II (15,000 ft.); 945 ± 19 mgm. Group III (25,000 ft.); 1070 =b 
36 mgm. Group IV (one month after 25,000 ft.); 770 ± 17 mgm. 

The data on the weights of the kidne 3 ’^s of the rats of groups I and II have 
been used bj"" Silvette (1) in support of Iris ^uew that increased urine output is 
accompanied by relative increase in weight of the kidney; and those of groups 
III and I^' in a paper in press (2). Statistical contrasts showed that all weights 
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Fig. 1. Graph showing correlation between average urine output per 100 grams of bod}' 
weight; average kidnej' weight per 100 grams body weight; and average per cent of red 
blood corpuscles per glomerulus of kidneys of rats maintained at barometric pressures 
corresponding to different altitudes. I, 0 ft., (controls); II, 15,000 ft.; Ill, 25,000 ft.; IV, 
0 ft., one month after exposure to 25,000 ft. Data on urine output from Silvette (2). 


are significantly different from each other and that weight increases as the baro- 
metric pre.ssure decreases. The kidney's of the rats of group li' showed a very 
great decrease in relative weight when contrasted with the kiciney.s of groups II 
and III, and a significant but relativ'eh' lower weight than the kidnet'.s of the 
rats of group I. 

E.xamination of the sections of the kidnet's revealed certain qualitative and 
quantitative morphologic changes which are thought to be relevant to the 
changes in tlie weights of the kidney's and to the functional pohmria observed 
in the experimental groups. Low magnification .studies were made of sections 
of the kidneys of groups I and 11 in which the proportions of areas of cortex 
and medulla* in a segment from approximately the same region of the kidneys 
were compared. Xo difference.? were obsen'od in the relative amounts of cortex 
and medulla in the two groiip.?. Gount.s of the glontenili per unit t'olume and 
measurements of the sizers of the glomeruli were abo made on the kidneys of these 




EFFECT OF LOW BAROMETRIC PRESSURE ON RENAL STRUCTURE 389 


two groups of rats using higher magnification and no differences were found. 
The average diameters of the tubules were found to be the same in both groups. 
Since the method of making these measurements is rather time consuming and 
since the results were negative, the measurements were not done on the rats of 
groups III and IV. 

During these examinations of the kidney with the higher magnification (1200 
diameters) it was observed that while it Avas quite difficult to see the intertulmlar 
capillaries in the cortex of the control kidnej^s (Bensley, 4, has recorded the same 
conclusion from studj’’ of rabbit kidne 5 ’'s), these capillaries were quite easily 
ATsible by reason of their distention AAuth red blood corpuscles in the kidneys of 
the rats of groups II and III. In these kidne 3 ’'s the “vascular rays” of Bensle}’’ 
(4), the terminations of the efferent arteriolae rectae of the glomeruli, stood out 
more sharply and seemed to contain more blood than similar channels in the 
kidneys of the controls. Since these arteriolae rectae are directlj^ connected 
Avith the glomerular capillaiy netAA^ork these regions AA’ere next examined. Casual 
obseiwation suggested that there AA^as hyperemia and distention of the capillaries 
in the glomeruli of the kidnej^s of groups II and III Avhen these AA'ere contrasted 
Avith those of groups I and W. Such observations led to the application of a 
quantitath^e method for measurement of these conditions. The paper AA'eight 
method AA^hich Jackson (5) used in estimating the comparative proportions of the 
stroma and parench^mia of the adrenal glands AA^as applied. The outline of a 
median vertical section of a glomerulus AA’as drawm AAuth camera lucida on paper. 
Within the glomerulus the areas occupied by red blood corpuscles AA-ithin the 
glomerular capillaries AA^ere outlined. Then the outlined glomerulus AA’as cut out 
and AA^eighed to the nearest centigram, foUoAA^ing which the areas outlining the 
blood corpuscles AA^ere cut out and Aveighed. The percentage of red blood 
corpuscle volume per glomerulus AA^as estimated from these AA^eights. In order 
to see if this AA'ere a representath^e sample of the Amlume of the red blood cor- 
puscles in the whole glomerulus, the aA’^erage percentage of red blood corpuscle 
AA'eight measured in serial sections of 10 glomeinili AA-as compai'ed AAdth the aA^erage 
Amlue obtained in onlj'^ the midA’^ertical sections of these glomeruli. The aA-erage 
weight of the red blood corpuscles for the AAhole glomeruli AA^as 23 ± 1.9 per cent 
of the glomerular AA'eight, and for the midA'ertical sections, 23 ± 1.7 per cent. 
From this contrast it AA^as felt that the measurements of the midA'ertical sections 
gaA'c an accurate measurement of the total weight of the red blood corpuscles in 
the glomemli. 

The results of these measurements are summarized in table 1, in AA'hich the 
percentages of red blood corpuscle weight in the glomeruli are tabulated bj'^ 
percentage classes in the different groups of rats. Examination of table 1 
shoAA'S that in group I (contx'ols) the modal classes are those in AA'hich the red 
blood corpuscles occupA’’ betAA'een 21 and 40 per cent of the glomendus; in group 
II (15,000 ft.) the modal classes extend from 31 to 50 per cent: in group III 
(25,000 ft.) from 51 to 70 per cent; and in group IV (one month after 25,000 ft.) 
from 11 to 30 per cent. This table sboAA's that bA’- the method used there is 
eA'idence of an increase in the amount of red blood corpuscles in the glomeruli 
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with decrease in barometric pressure and that when the rats are removed from 
this environment and kept at room pressure for one month there is a sharp drop 
in the amount of blood present. 

Further statistical analj'sls in which the means of the blood corpuscle per- 
centages with their standard errors of the several groups were contrasted shows 
the following results: Group I, average blood corpuscle percentage 28 ± 0.65 
per cent. Group 11, average blood corpuscle percentage 45 ± 1.3 per cent. 
Group III, average blood corpuscle percentage 56 ± 0.81 per cent. Group 11^, 
average blood corpuscle percentage 23 ± 0.93 per cent. 

Difference between groups I and II, 17 ± 1.48 per cent; i 11.5. Difference 
between groups II and III, 9 rfc 1.5 per cent; i 6.0. Difference between gi’oups I 
and IV, 5 ± 1.12 per cent; tAAo. 

TABLE 1 

Dislribuhon by classes of pcrcenlage of red blood corpuscles in the glomeruli of kidneys .of 
control rats and of rats exposed to low barometric pressures 

I, controls; II, 15,000 ft.; Ill, 25,000 ft.; IV, one month after 25,000 ft. The percentages 
of the red blood corpuscles ■n'cre measured in midvertical sections of ten glomeruli from 
each kidney; number of kidneys; 1, 10 from 10 rats; II, 9 from 9 rats; III, 11 from 11 rats; 
IV, 8 from 8 rats. Total number of rats, 38; total number of kidneys, 38; total number of 
glomeruli, 380. 
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Since the t ratio in all these contrasts is larger than 2.5, the differences are 
considered to be greater than could occur by chance and hence are statistically 
significant (6). These data establish the fact that changes in the cn\'ironmental 
barometric pre.s3ure produce measureable effects on the amount of red blood 
corpuscles in the glomerular capillaries. 

Such changes in the amount of blood corpuscles could very well account for 
part of the increased diuresis which accompanies the exposure if the results are 
interpreted according to the suggestion by Drinker and "ioffey (7) which is as 
follows: “It is conceded that capillaries in most places in the body experience 
change in diameter and that these changes constitute an important reguhitory 
feature of many ])h.vsioIogic reaction.s such for e.vample as muscle work, forma- 
tion of urine, etc.” In this particular group of experiments the capillaries in 
the glomeruli of the kidney.s of the e:cperimental rats are distended with red blood 
corpuscles and such distention could accordingly lead to increased glomerular 
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capillary pressure and increased capillary permeability, an interpretation which 
is suggested by the conclusion of Landis (8) that permeabilit 3 ^ of the endothelium 
of the capillary is not determined b 3 '' the capillary diameter, liut b 3 ' capillary 
pressure. 

It has been suggested b 3 ’- Richards and Schmidt (9) that the blood flowing 
through the glomerular capillaries is controlled b 3 >' an efferent constrictor mecha- 
nism and it has been shown b 3 ’’ Bensle 3 '’ (4) in the rabbit and guinea-pig kidne 3 ^s 
that there are cells (pericytes) arranged in circular fashion around the efferent 
arterioles which conceivabty could perform tlris function. Hence the sections 
of the hyperemic kidneys were examined to see if the h 3 qDeremia of the glomeruli 
could have been produced b 3 ’’ contraction of such cells. Serial sections of 
glomeruli were examined and the efferent arterioles were found to be wideb'' 
dilated and directb’’ continuous with the enlarged intertubular capillaries . Hence 
the dilatation of the capillaries in the glomeruli can only be viewed as one effect 
of a relaxation of the whole renal vascular system. For not onb’’ were the inter- 
tubular capillaries enlarged, but the archiform veins were also more distended 
than were those in the kidneys of the control rats. Hyperemia, then is character- 
istic of the whole kidney and since it is .present in rats which have been exposed to 
anoxic conditions it ma 3 '’ logicalb' be concluded that the h 3 "peremia is the result 
of the anoxia, but whether it has been brought about b 3 '' local tissue response or 
through a central mechanism cannot be decided by the evidence presented here. 
Furthermore, it seems logical that the pobuiria characteristic of these rats is 
partb'’ the result of increased glomerular pressure and greater capillary irerme- 
ability, although as Silvette (2) has suggested, the observed poburia was too 
great to have been the result of increased glomerular pressure alone. The 
correlation between the output of urine and the percentage of red blood corpuscles 
in the glomeruli is shovm in figure 1. No statistical anaHsis was made of this 
correlation, hence it can only be suggestive. 

Another view which might be taken is that the rats have been so affected by 
the anoxic conditions that there has been an increase in the numlrer of red blood 
corpuscles per cubic millimeter and that the hyperemia observed in the glomer- 
uli is the result of anoxic pobuythemia. An analysis of this possibilit 3 ’- showed 
that neither in group I (controls, ave. rbcs. per cu.mm., 8.65 millions) nor in the 
rats of group II (15,000 ft., ave. rbcs. per cu.mm., 7.7 millions) is there an 3 ' corre- 
lation between glomerular hyperemia and the rbc. count. In the rats of group 
III (25,000 ft., ave. rbcs. per cu.mm., 11.7 millions) there is a suggestive positive 
correlation, but it is not considered statistically significant. Therefore, it is 
concluded that such pobuythemia as ma 3 ’' occur in the rats of group III is not 
sufficient to account for the renal h 3 '’peremia observed. 

As has been stated in the introduction, Silvette (1) observed that increase 
in relative weight of the kidne3'’S was accompanied b3’' increased output of urine. 
The question might now be asked whether there is any correlation between 
h3’’peremia and the weight of the kidneys. Statistical anab'sis of this question, 
using the kidney rveight per 100 grams of bod3'’ weight and the percentages of 
red blood corpuscles in the glomeiTili as the contrasting values, has shovar that 
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for the whole population, pooling the weights of the kidneys of rats in all groups, 
the moment of correlation as derived using the methods of Fisher (6) is 0.055. 
Such a value implies that the coiTclation is significant of an association Avhich is 
better than could occur by cliance. . This correlation is shoum in figure 1. Since 
the glomerular hyperemia is onp part of the total renal hyperemia which is 
characteristic of the kidne 3 's of the expeiimental rats it is possible to conclude, 
using the established correlation as an indicator only, that the obsen'ed increase 
in kidney weight in rats exposed to low barometric pressures could be accounted 
for b}' the additional blood present. 

In addition to the changes Avhich can be called normal, it was obsen^ed that 
in the kidnej's of the rats of group II (15,000 ft.) the histolog}" of the kidney was 
unchanged except for the hyperemia. In the kidnej's of the rats of group III 
(25,000 ft.) damage appeai-s to begin. As in the rats of group II, the predominant 
picture is one of h5T3eremia of the glomeruli, intertubular capillaries and veins. 
However, in some of the kidne 3 'S there were small areas of necro.sis of tubules 
in the cortex and one kidne 3 ' showed a small area of tubule and glomeralar 
shrinkage. In kidne 5 'S of six of these rats there were small areas of bunphocyte 
infiltration, but since similar areas were found in some of the kidne 3 "s of the con- 
trol group, this condition is not considered to be significant. In one kidney of 
one rat there was an accumulation of neutrophilic granuloc 3 ''tes in the hilar fat 
subjacent to the renal sinus muco.sa. 

In the kidnex's of the rats of group IV, the necrosis observed in some of the 
kidne 3 ’S of rats of group III was present in kidne 3 ’^s of five of the eight rats studied. 
There was shrinkage and flattening of the glomeruli and peripheral tubules in 
some paits of the cortex in the kidne 3 's of all of these rats. The kidne 3 's were 
extremeh' ischemic and no blood was seen in the intertubular capillaries or 
in the vascular ra 3 'S. As has been pointed out above the glomeruli were notabb' 
deficient in blood content. Calcareous deposits were pi-esent in the tubules of 
the cortex of one kidne 3 '. In four of the eight kidne 3 's, neutrophilic granuloe 3 ’'tes 
were ma.ssed in the hilar fat subjacent to the renal sinus mucosa. Tliere was 
fibrosis in the region of the vascular ra 3 ’-s in one kidne 3 '. On the whole, the 
kidne 3 -s of this group showed distinct pathologic changes when contrasted vith 
the kidne 5 's of the other groups. 

From these obseivations on kidne 3 ' damage it ma 3 ' be concluded that the 
kidne 3 's of rats can stand the anoxia when subjected to it, but the degree of 
anoxia (concomitant with lowered barometric pre.ssure) produces a latent condi- 
tion of parcnch 3 ’raatous damage wliich appears to become extensive after the 
rats have been removed from the anoxic condition for .some time. More stud 3 ' 
should be given to this effect as the possibility of permanent kidney damage 
resulting from chronic exposure to anoxic conditions whether in industry or in 
aviation has not been realized. 


SVMMAllY 

The kidney.s of rats which had shown pohairia while exposed to low barometric 
pres'ure d.aily for 3 hours for 27 day.s (1, 2), .show relative increase in weight, 
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hyperemia and a slight degree of parenchjTnatous damage. There is a positive 
correlation between hj'peremia and the increase in weight of the kidneys. It is 
suggested that diuresis is related in part to increased permeabihty of the glo- 
merular capillaries because of the increased glomemlar pressure assumed to 
accompanj- capillary distention. The direct effect of anoxia (which accompanies 
the low barometric pressures) on the kidney vasa is suggested as the cause 
underljdng hjTperemia. 

The kidneys of rats which have been returned to room pressure for a month 
folio VTUg the exposure to low barometric pressure show extensive parenchj^matous 
damage, calcification, shrinkage of the stroma, and ischemia. 
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An increase in the difference of potential between a vaginal and a suprapubic 
(surface) electrode at the time of otnilation was first noted by Bmr, Hill and Men 
(1) in the rabbit. This finding was confirmed by Reboul, Friedgood and Davis 
(2, 3). In the rat similar electric changes at the time of estrus were obsen’ed 
by Rogers (4-6). Emplo 5 dng surface electrodes on abdominal and flank areas 
respectively, Altmann (7, 8) reported marked voltage gradients in the hen 
at the time of ovulation, and in the sow simultaneous^' with external signs of 
estrus. . 

In the human female. Burr et al. (9, 10), using an abdominovaginal circuit, 
described the same phenomenon during o\mlation time in one case as did Rock, 
Reboul and Wiggers (11) also in one patient. In 1938, Rock, Reboul and Snod- 
grass (12) repeated these experiments on nine other women during the theoretical 
oruilation period (leased on catamenial history'). In some of these experiments, 
however, a pair of surface electrodes, applied at various levels between the 
umbilicus and the sjTaph 3 ’-sLs pubis was used, alone, or in conjunction with a 
second surface pair, or with an abdominovaginal circuit. 

VTien the pertinent data of all ten cases of Rock and liis associates (11, 12) 
were analj'zed, a number of inconsistencies were noted in the results obtained. 
In the first place, regardless of the type of set-up: whether abdominovaginal 
electrodes or surface electrodes were used, or whether both ty'pes of circuit 
were emploj'ed simultaneouslj*, the potential change was noted in some cases 
even before o\’ulation had occurred. Therefore a statement was made in the 
original report (12) that the change was only associated in some wa\' with o\'u- 
iation. 

In the second place, there were v.ide and inexplicable vacations in the magni- 
tude, duration and polarity of the electric changes. 

Furthermore, unaccountably erratic results were obtained when surface 
electrodes were employed simultaneously \vith an abdominovaginal circuit. In 
one case, definite changes were recorded in the surface circuit in tlic absence 
of anj' change in the abdominovaginal system. 

If these “ormlation potentials” are all due to electric activity in the ovarj' 
associated with the process of ovulation (3), it is difficult to see how the potential 
changes can increase in magnitude a.s the electrodes arc moved further awa\' 
from the ovarv. In one patient tested, the change in potential between a pair 

2 .\icled by grants from tin: Amcric.-iii Ac.ndemy of -Mts and Sciences, the Wiiiiam F. 
.Milton Fund of H.nrvard University, the Committee for Rc-Kearcii in Problems of Sex, 
National Research Council, and Mr. Richard C. Paine. 
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of surface electrodes placed loiv in the pelvis was approximatel 3 ’- three times as 
great in magnitude as that between the abdominovaginal pair. Moreover, 
in all but one case, the liighest values obtained were those recorded from surface 
electrodes. 

An increase in magnitude of the difference in potential as the electrodes 
were moved awa 3 >- from the ovaiy was also noted by Reboul, Davis and Friedgood 
(3) . In addition, Rogers’ (6) finding of a similar change in difference of potential 
on the last day of estrogen-induced estrus in the spayed rat further increased 
our skepticism as to the relation between the so-called “abdominovaginal sign” 
and ovulation. It seemed evid.ent that some hitherto unknown factor must be 
concerned in the production of these widely variable results. 

In order to ascertain the nature of this factor, it was deemed essential, first of 
all, to determine whether one could locate a point on the surface which would 
be stable in potential and could thus serve as the site for a reference electrode. 
With this purpose in mind, the abdominal region and thighs of six human sub- 
jects were mapped in terms of electric potential. 

I. Skin potentials in relation to the “abdominovaginal sign” of ovulation. 
Surface Poleniials: Isopolential Contour Patterns. Method. The reference electrode con- 
sisted of a large Ag-AgCl plate about 45 sq.cm, in area. This was firmly fastened just above 
the left knee bj' means of a loose elastic binder. A layer of cotton soaked in physiologic 
saline solution was placed between the chlorided silver sheet and the skin. The exploring 
electrode, also of Ag-AgCI, had an effective contact area of about 16 sq. mm.; here, too, a 
small piece of cotton moistened with physiologic salt solution made the actual contact with 
the skin. 

The difference in potential between the electrodes was measured by means of a null 
method. The effective input resistance to the measuring circuit was 2 meg. ohms. The 
null point was usuiilly quite sharp, and currents less than 5 X 10"^“ amp. flowed in the elec- 
tric circuit. The unbalanced potential was shunted by a vibrating contact at the grid of 
the first tube of a high-gain audio frequency amplifier. The output of the amplifier operated 
a pair of sensitive head-phones. Fairly accurate potential determinations could be made 
in 3 to 5 seconds. 

Results. On each individual studied, 75 to 100 determinations of potential 
were made. I\Tien the potentials were sufficiently stable, it was possible to 
construct a clearh’- defined series of isopotential contours, as shovm in figure 1. 
No demonstrable effect of sex on isopotential contours was noted. 

In general, a focus of potential maj" be found on the thighs in the region where 
the femoral artery and vein are most superficial. Potential foci may be ob- 
served also at almost any point on the abdomen and do not seem to have an}’’ 
demonstrable connection vith undei'ljdng organs.- As a rule, there are rela- 
tivel}" few or no potential foci in the suprapubic area. 

2 On one individual a very interesting observation w.as made which tends to indicate 
further the cutaneous nature of these potentials. In plotting the isopotential contours of 
any subject, the.potcntial value of a particular area was written on the skin bj' means of a 
stub-pointed fountain pen, since the latter required less pressure than the usual skin pencil 
and caused little or no disturbance in the potentials. One subject happened to exhibit 
marked dermographia, and it was strikingly clear that the more positive the potential of the 
area, the higher were the wheals produced by the pen-point. 



396 


J. 31. S2CODGRASS, J. HOCK AKD .31. F. iffiNTCIX 


On certain individuals, potential foci and isopotential contours were 3 ’eiy 
stable and the same pattern was obtained at inteiwals as great as two weeks. 
Other individuals had such unstable potentials that even a small abdominal area 
could not be plotted. In general, persons tending toward the '‘sthenic" tj^oe 
seemed to be unsuitable as subjects for isopotential contour plotting. 

In three subjects, measurements were made during the estimated OAnilation 
time while they were awaiting operation. If o\mlation is accompanied by a 
fairly large electric potential change in the ovaiy, such a shift iu voltage might 
reasonably be expected to appear in the isopotential contour pattern. Yet even 



Fig. 1. Isopotential contours measured on a male subject. Potentials plotted in milli- 
volts. For measuring purposes a large reference electrode was placed just above the knee. 
Potentials plotted with respect to arbitrary value of zero for potential focus in loft femoral 
region. The voltage range sho^vn is from -f22 mv. to —5 mv. Note the steep potential 
gradient near the lonx-r left boundary' of the epigastric region. The potential ranges from 
—5 to -hl7 mv. within an actual distance of *} cm. 


in the presence of electric instability, no clear potential foci were found which 
could be related to the underlj-ing ovaries. As far as could be determined, 
the reason for the instability of the electric potential tvas due entirely to the 
emotional tmeasiness of the subjects. 

Direct Meamremenic of the Ovary. Still further to check the ovary as a 
possible source of potential, direct electric measurements were made on human 
ovaries in situ of three women during the course of routine laparotomy. In 
each case the operation was performed within the patient’s estimated o3mlation 
time. 
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Method. The same leads and measuring equipment as described above were used, except 
that for the present experiments we devised a special unipolar exploring electrode of Ag- 
AgCl agar which could be autoclaved. This was made by plugging an 8-inch length of -j^- 
inch glass tubing at one end with a loose roll of filter paper about inch long. The tube was 
filled with a hot agar-saline solution, and a 4-inch length of no. 20 B. & S. gauge chlorided 
silver wire was pushed down into the agar. The silver wire was soft-soldered to a fine 
multi-stranded copper wire which, in turn, was pulled through an 8-foot length of i-inch 
pure gum tubing (^nj-inch bore) . The lead was fastened to the top of the electrode tube by 
means of rubber bands. The electrode and its lead wire were inserted in a 10-inch glass 
cylinder. The latter was plugged with gauze in the usual manner, and the assembly placed 
in the autoclave in an upright position. For convenience, the potential determinations 
were referred to the broad ligament as zero. 

Results. In general, no potentials greater than ±1 mv. were found between 
any two organs in the abdominal cavity. Several follicular surfaces (including 
that of one fairly large, presumablj’’ mature follicle^), as well as the intervening 
ovarian cortex, were tested, but no significant electric potential was detected. 
The highest potential recorded, slightly less than +2 mv., was obtained from 
a locus on the Rectus abdominis muscle. 

II. Factors influencing “finger-to-fingbr potentials.”^ Several in- 
vestigators have recorded an increase in the difference of potential between the 
index fingers of women at various times during the menstrual cycle, and have 
concluded that such a change iudicated oimlation (14-19) . Barton (17) deduced 
from her data that follicular rupture might take place at anj’- time, even during 
the menses, and sometimes twice in the same cycle, while Altmann (19) reported 
that ovulation might occur between the 5th and 23rd days. 

Since the establisliment of a clearly defined criterion of ovulation time would 
be most important, both from a theoretical and from a clmical viewpoint, we 
undertook in 1939 similar experiments on 30 nurses (group 1) and 23 female 
employees (group 2) of the Free Hospital for Women. In addition to women 
whose cycle lengths were vdthin normal limits, the subjects included also one 
surgical castrate, one woman in natural menopause, one pregnant individual, 
and two women who, on the basis of their clinical history, doubtless had anovula- 
tory cycles (20). 

With the exception of Sundays, measurements were made daily before lunch on all sub- 
jects during the months of April and May. In addition, one of the two groups of subjects 
was also studied during the last week of March. 

It should be noted that, in order to rule out any factors which might unconsciously 
influence the experimenter, the latter knew nothing about the menstrual dates or clinical 
history of the subjects. At the beginning of the experimental period, the women were all 
given printed calendar cards on which to record their catamenial dates and any other perti- 
nent information. The cards were collected by the investigator only at the conclusion of 
the experimental period. 


® At present we know of no reliable way to determine by gross examination alone whether 
a large follicle is normal or atretic. 

•* A preliminary report of this work was presented before the American Physiological 
Society, New Orleans, 1940 (13). 


398 


J. M. SNODGRASS, J. ROCK AND M, F. JIENKIN 


Method. The potential determinations were made mth the null-measuring 
S 3 '^stem described above.'’ 

Experience \rith meter-indicating types of vacuum tube voltmeters shows that it is 
frequently almost impossible to determine whether or not a particular meter reading is a 
true indication of the real potential. Occasionally the readings have been found to be in 
error by several hundred per cent. This may be due to several causes, the most important 
of which is the difficulty of shielding the subject completely from stray 60-cycle electric 
fields. Radio frequency fields may be particularly troublesome, as some element in the 
external circuit, or the vacuum tube itself, may rectify the high frequenc 3 ' and produce 
deflections of the meter. This is especially true in hospitals where diathermy machines are 
employed. The particular tj-pe of null measuring equipment used to obtain the data pre- 
sented in this paper possessed the advantage of giving an immediate acoustic clue as to the 
probable source of spurious potentials, and hence proper precautions could be taken in order 
to obtain a correct determination of voltage. The measuring equipment was also free from 
the erratic and disturbing influences of electrostatic charges, however generated. 

The fingers were immersed in beakers of saline solution, in the manner described by Burr 
and Musselman (14). However, unlike investigations of other workers, where measure- 
ments were confined to the index fingers, determinations in the present experiments were 
made between each pair of fingers, excluding the thumb; that is, pairs of index fingers, 
middle fingers, etc., were tested separately. The potential readings from the four pairs of 
determinations were averaged for each subject, and this individual mean was used in calcu- 
lating the average for each of the two large groups (group 1 , nurses ; and group 2, employees) . 

Finger Potentials in Relation to the Presence or Absence of Normal Menstrml 
Cycles. The upper plot of figure 2 depicts the day to day changes in potential 
between each pair of fingers of a subject (case 66) with normal menstrual 
c^mles. There is no evidence of any cyclic variation vith reference to the onset 
of catamenia, nor do these data demonstrate an}- tmique property” possessed 
by the index fingers (no. 2). In general, our findings confirm the statement 
of Parmenter (16) that there is “no consistent unidirectional polarity of the right 
index finger.” 

The lower plot of figure 2 represents the finger potentials of a normal meno- 
pausal individual (case 87). There is no significant difference between this 
graph and the upper one. Furthermore, the presence of minor excursions in 
the plot from the menopausal subject serves to indicate that similar fluctuations 
recorded for no. 66 are not pertinent to menstruation. 

Likemse, data from one pregnant subject, one singical castrate,' and two 
women who doubtle-ss had anovulatorj"- cycles, did not differ from records of 
those with normal menstrual cycles. 

No significant differences in the finger potential cunns of a cvxlic nature were 
observed between indmduaLs. Some subjects tended to show a greater daj” to 
dav variation than others, but this remained a constant factor. As in the case 
of the isopotential contour determinations reported above, the individuals 
who exhibited the greater day to day variations of potential were those of 
the “sthenic” type. 

® In the experiments on finger potentials reported by others (14, 15, li, IS), the Btirr- 
Lane-Nims v.ecuum tube voltmeter was used f21). Parmenter (IG) also emjdoj'ed <a meter- 
indicating type of vacuum tube voltmeter. 
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From a consideration of these individual curves, we have been completely 
unable to confirm the observations of other workers who have reported a signifi- 
cant rise of potential between the index fingers associated with ovulation. 



NO. 87 

Fig. 2. Upper plot. Daily finger potentials, plotted in millivolts, of a normal, healthy 
female (no. 66). The left finger of the pair being measured was arbitrarily used as the 
reference finger. The potentials are plotted for each pair of fingers except the thumbs ( ^ 1 
fingers) . It was not practical to use the thumbs due to the ])revalence of cuts, bruises, etc. 
The solid black circles on the time axis indicate when the potential measured was considered 
invalid due to skin damage, such as cuts and hangnails. The solid black triangles represent 
the beginning of the menses. It is quite apparent that the index fingers (^2) are not 
unique in so far as potential changes are concerned. 

Lower plot. Daily finger potentials of a normal menopausal subject (no. 87). Data 
obtained concurrently, with the same equipment and in the same way as those shown in the 
upper graph. The solid black circles here also represent potentials as measured, but con- 
sidered invalid due to skin damage. There is no significant difference between the two 
plots shown in this figure. The greater number of invalid potentials recorded in the lower 
graph is probably due to the fact that subject 87 performed considerably more manual work 
than subject 66. The hands and fingers of the former were injured very frequently. 
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Magnitude and Polarity of Potential Changes. VPaQTx great care was taken 
to check spurious finger potential measurements, no voltage reading higher 
than 12 mv. was found to be valid. Moreover, only three or four out of ap- 
proximately 14,000 determinations showed this high figure. Usually 7 mv. 
represented the ma^dmum value. 

All potentials higher than 12 mv., and many lower than this, were found to be spurious 
because of cuts, pin-pricks, hangnails, bruises, etc. It must be strongly emphasized that 
it is practically impossible to detect visually — even with the aid of a magnifying lens — all 
types of skin damage. We found ethyl alcohol (95 per cent) to be more dependable as a 
means of detecting abrasions, for even a slight one will cause a stinging sensation upon 
immersion of the fingers in this fluid. 

The average finger potential of the combined groups of muses and employees 
■was 4-1.7 mv. Siuce the left hand was used as the reference side, this means 
that the fingers of the right hand averaged 1.7 mv. positive ■with respect to the 

TABLE 1 


Average monlhly finger potentials of female subjects in relation to “handedness” 



SUBJECT 

jrUMBEE 

APRIL 

AVERAGE 

ilAY 

AVXRACE 


SUBJECT 
JOJlfB ER 

APRIL 

A\XRACE 

ilAY 

AVERAGE 



fnt. 

mv. 



Pi7. 

fr.7. 

Left-handed 

67* 

-1.20 

-0.68 

Right-handed 

51 

-f2.il 

+1.40 


78t 

-0.31 

-0.29 


54 

-f3.71 

+5.00 


SO 

-4,16 





4-4.13 


102 

-0.81 

—0.57 


63 

+3.11 

-fS.SO 






67 


-0.68 


* Although normally right-handed, this subject was doing filing work which necessi- 
tated pulling and pushing heavy file drawers with her left hand. She was therefore in- 
cluded in both groups. 

j This subject, whose finger potential was verj’ near zero, was a nurse who assisted in the 
operating-room and was notably ambidextrous. 

fingers of the left hand, a finding in reasonable agreement with the figure of 2,2.5 
mv, published by Barton (17) for index fingers, and of the same polarity. 

Relation of Polarity and “Handedness.” However, four left-handed subjects 
in the group all averaged negative instead of positive; that is, the right hand 
was negative to the left one. The finding of a polarity vdiich seems to be re- 
lated to the ‘^handedness” of the individual parallels in electric terms the temper- 
ature observations of Heiser and Cohen (22) who reported that in four out of 
five right-handed subjects tested by them, the right wrist was warmer than 
the left one, while in a left-handed person, the converse was true.® In attempt- 
ing to account for this difference, the.se authors suggested that it might be due 
to the “relative dominance of the limbs.” 

Table 1 shows the difference in polarity of finger potentials between three 
left-handed and five right-handed individuals. Subject 07 appeared at 

' One of us (.J. M. .?.) bad the opportunity of examining more c.xtcnsive data of Heiser 
and Cohen whidi confirmed these findings but were not included in the original report cited. 
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first to be an exception; that is, altbougb rigbt-banded, she steadily maintained 
a negative charge. The apparent discrepancy here was later explained by the 
fact that this woman’s duties were largety concerned with pulling and pushing 
heavy file drawers with the left hand. She is therefore included in both groups. 

It is impossible for us to explain the constancy of opposite polarity in finger 
potentials related to handedness if the electric qualitj'- of the finger-tips is 
assumed to be referable to the ovaries. 


FINGER POTENTIAL NURSES - EMPLOYEES 



^ RELATIVE HUMlOrrY- FINGER POTENTIALS 



A/ 

_ t _ I t j_ t t j_ I ■ I I 




APRIL 


8 lb E W B 19 zb ZZ 24 26 28 
MAY 


Fig. 3. Upper curves. Daily average finger potentials of the nurses and female employees 
plotted as separate groups. Bands for each group indicate limits of probable potential 
averages. Potential changes within the bands are not statistically significant, and the 
curves are in reality indeterminate within the zone. The similarity of the band changes 
indicates some factor common to both groups which modifies the magnitude of the finger 
potentials. The sign of the finger potentials obtained from the left-handed subjects listed 
in table 1 has been changed to a positive value in plotting these curves. 

Lower curves. Total combined average dailj' finger potentials of nurses and employees 
plotted against the relative humidity. The finger potential curves are subject to the same 
restrictions as outlined for the upper curves of this figure. Since there arc now more obser- 
vations for each day, the band wdth is appreciably less. 


The Possible Rdle of Environmental Factors in Voltage Changes. the 

mean dail 3 ’’ finger potentials of all individuals within each of the two groups 
(group 1, nurses; and group 2, employees) Avere averaged, and the average of 
each group was plotted separateh’’, the similarit\' of the tivo graphs during 
some weeks is quite eiddent (fig. 3, upper curA'es). The two bands plotted for 
each group show the maximum and minimum probable A’ariations in potential 
for a given dajL The average potential falls betiveen the two bands, and even 
though it maA' be calculated and assigned a mathematical quantitj', it is in 
realitA' statisticallA* indeterminate AA-ithin the bands. 



402 


J. M. SNODGRASS, 3 . ROCK AND M. F. MENKIN 


Considering these limitations, we find that the potential change of both 
gi-oups from day to day was in the same direction 86 per cent of the time. Such 
a relation indicates some common emdronmental influence acting on both 
groups. In order to check this hj'^pothesis, several en^dronmental factors were 
considered: namely, temperature, barometric pressure and relative humidity. 
Daily measurements taken from the noon observations of the Boston Weather 
Bureau v ere utilized. They showed the following percentages of changes in the 
same direction as the combined group potential averages: 


Temperature 52 per cent 

Barometric prcissure 55 per cent 

^ Relative humidity 66 per cent 


These percentages are not large, and in view of the fact that the various 
subjects worked in different parts of the hospital, the onlj'' factor listed which 
possessed any high order of similarity between groups was the barometric pres- 
sure. Obviously neither the outdoor temperature nor an 3 '’ particular indoor 
temperature would constitute a common factor. Changes in the external 
relative humidity are usually reflected in the indoor relative humidity, although 
not necessaril}'^ in a one-to-one ratio. The changes in finger temperature with 
variations in relative humidity are complicated by the fact that the direction of 
the temperature shifts due to relative humidity fluctuations may change phase 
depending upon the particular emdronmental temperature (23). TJie correla- 
tion of average potential values with changes in relative humidity is seen in the 
lower plot of figure 3. 

The high degree of similarity in direction of potential shifts in the two groups 
of women studied simultaneously pointed to a common environmental influence 
as a factor underlying the observed fluctuations. Furtheimore, the observation 
that the more active, and possibly, warmer, hand appeared to show a positive 
polarity with re.spect to the less active one, suggested the investigation of tem- 
perature as a factor in flnger-to-finger potentials. 

III. The THER.vL\n factor in “finger-to-finger potentevls.” An experi- 
ment was therefore devised whereb 3 '' the electric potential difference between 
corre.sponding fingers of opposite hands (or fingers of the same hand) could be 
measured while the temperature of the saline solution that served as electrode 
for one finger was varied slowl 3 >- (about l^C. per min.) between the limits of 
12° and 46°C.' 

Procedure. Two ono-liter pyrex beakers were filled with physiologic saline solution. The 
fluid in one beaker was at room temperature, and in the other at some temperature below 
lO'C. Eacii beaker was connected by a salt bridge to a Ag-.AgCl electrode system in saline 
solution at room temperature. The Ag-AgCl electrodes in turn were connected to a special 
Leeds & N'orthrup Multi-point Micromax Recorder (L. & N. Catalog no. 40356-S-4}. This 
recorder was converted .so that a continuous tracing of the potential was made. It was 
de.signed to operate over a very wide range of input resistances. Satisfactorj' records could 
be obtained from circuits which vvaried from zero to 250,000 ohms. The chart paper was 
moved at a uniform rate by means of a synchronous motor-drive sy.stem. 


' It may be well to point out that finger temperature is not necc-ssarily the same ns the 
environmental temperature, but may e.^sily differ by lO'C, from the latter (2.3, 2-1), 
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The beaker containing the cold salt solution was placed on a 500-watt electric heater. 
Electric energy was supplied to the heater to increase the temperature of the saline solution 
at a uniform rate of 1°C. per minute. Since the amount of heat need6d changed constantly 
throughout the experiment, automatic control was required. This was provided by a Leeds 
& Northrop Model N control instrument. The controller was activated by means of a 
resistance thermometer placed in the cold salt solution. The controller contacts were 
capable of carrying the electric heater current without auxiliary relays. The controller 
was designed to regulate temperature over a range ofO® to 50°C. In order to raise the tem- 
perature of the solution at the rate of 1°C. per minute, a General Electric Telechron motor 
drive was coupled rigidly to the shaft of the control point-setting dial of the L. & N. con- 
troller. The synchronous Telechron motor then turned this dial at a rate which increased 
the temperature of the saline solution 1°C. per minute. The actual error due to thermal 
lags, etc., was not more than ±0.1°C. at any instant. In practice, the temperature of the 
cold beaker was initially less than 10°C. This was necessarj’- so that the controller might 
have time to overcome the large thermal lag of the cold heating system. With this precau- 
tion in starting, the rate of temperature increase was constant slightly before 12°C. 

When the temperature of the saline solution reached 11°C., the subject dipped the index 
finger® of the left hand in the beaker of saline solution at room temperature, and the third, 
fourth and fifth fingers of the same hand, in the cold salt solution. The electrode circuit 
was in contact with the recorder between 12° and 46°C. 

The recordings in the present investigation differ from those obtained in the daily finger- 
to-finger measurements reported above. In the experiments described here, the beaker of 
solution to be heated was used as the reference electrode. This was done merely for the sake 
of convenience, so that the curves, as recorded, read correctly from left to right, and the 
potential is represented on the chart as increasing in an upward direction. 

The fluid in both beakers was automatically stirred vigorously throughout the experi- 
ment, Since the chart speed was constant, and the rate of temperature increase was like- 
wise a constant, the resulting curvq was automatically traced in the proper rectilinear 
coordinate system. 

Curves Relating Thermal to Potential Changes.^ Using this procedure, over 200 
thermal potential difference (T. P. D.) curves have been recorded. Approxi- 
mately 100 of these, obtained from daily measurements on the same subject 
throughout four normal menstrual cycles, show homogeneity within a given 
cycle, although the character of the curves may change from cycle to cycle. 
The recordings during the first and fourth cycles appear quite similar. Occasion- 
ally the repetition of detail in a curve from day to day is striking. Daily record- 
ings usually show the changes to be progressive, but they may at times be 
abrupt. Figure 4 illustrates several different types of cuiwes that may be 
obtained. 

The magnitude of potential change \sdth temperature averages approximately 
1 mv. per degree Centigrade. However, considerable departure from this aver- 
age may be observed. 

T\Tien the temperature was kept relatively constant, as is illustrated in curve 
A of figure 5, the potential after an interval of 5 minutes maintained a fairly 
uniform level. The slight slope of the potential curve after the first 5 minutes 

® The reason for using the index finger was simply for convenience ; any other finger gives 
the same results. 

® The thermal potential difference data have been independently checked at Loomis 
Laboratory by Dr. Hallowell Davis of the Department of Physiology, Harvard Medical 
School (25) . 
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"was doubtless due to the fact that one of the beakers of saline solution unavoid- 
ably warmed up from 24.1° to 2.5°C. Curs^e B was obtained immediately after 
cun*e A and shows the finger potential change over the range of 12° to 46°C. 
It is interesting that when the temperature reached 24.4°C., the voltage recorded 
on curve B was equal to that on the isothermal cun’-e A at the same temperature. 

It should be noted that position did not affect the T. P. D. cunms; that is, 
tbe results were the same, whether the subject was sitting up or resting horizon- 
tall}' on a comfortable bed. A cut on the finger invariably reduced the magnitude 




Fig. 4. Tiiermal potential difference curv’cs illustrating the varietj' of these. These have 
been plotted from data recorded by the Leeds & Xorthrup Microma.v instrument before the 
temperature axis was made uniform. Other T. P. D. curves mentioned in the text, but not 
shown for lack of space, were plotted automatically on a linear temperature axis by the 
method described. 

Cur%'es A,B, and C, from the young woman who was studied for four normal cycles, were 
taken at inter%'als of several days. 

Curve D >vas obtained from a young pregnant woman who gave this same UTie of curve 
repeatedly. 

Curve E. recorded from an anov'ulatorj' female, represents the general type most fre- 
quentlj' obtained from such women and from male subjects. 

Curv'C'S D and E .should not be regarded as characteristic of the individuals. They are 
merely those most frequently encountered in the subjects mentioned. Exception.* have 
been recorded, and as yet there arc not enough data to warrant specific conclusions. 

of the potential change and at the same time usually caused a large shift in the 
ba.se-line. The cut also tended to “short circuit” the normal T. P. D. effect. 

Thermal Potential Curves During Narcosis. In order to rule out any possible 
effect on the .subject of extraneous stimuli which might influence the nature of 
the potential changes obsen’cd, a curi'e was recorded 1| hours after the admin- 
istration of 3 grain^s of pentobarbital The subject was completely asleep and 
entirely unaware of the experiment in progress. There was relatively little 
difference between this cun'c and one obtained with the subject wide awake. 
Likewise, a- recording made while she was under deep ether anesthesia did not 
differ e.=sc-ntially from curves obtained while she was awake. Therefore, what- 
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ever the origin of ihe.se i)o1('nti;ils. it is evident that tliey are not greatly modified 
by narcosis or anesthesia. 

Rarrt^ihilitij of 'Unrmal Polcnlial ('liaii{tf}<. In an elTort to ascertain whether 
or not the mechanism giving ri.se to the.^c potential dilTcrcncc.s constitutes a 
revcnsible j)roccss, the usual curve was recorded as the temperature rose to 46°C., 
but when that point was reached, the temi)erature was lowered at the .same rate 
(l^C. per minute) to r2'C’. 'I'he rever.^ible nature of the thermal potential 
changes, clearly demonstrated in the right-hand curve.s of figure 5, is jjarticularly 
interesting from the standpoint of thernuxlynamics. 



r!ij)i{ny (hiring: llio lir.sf .") iiiiimtcs and tficn elianpc.s very slowly. 

Curve H, taken iininedl.-itely after <;urv(‘ .-1, was nu^orded in tlie u.snal way with the tom- 
penilnre inereaHijiK 1°C’. j)er ininiile from 12'* to -IG^C. Note flint the potential at 2-I.4°C. 
is the same in both curves. 

Rifllil-hand curvcfi. 'riiermnl iiotcntial ditTefenee curves showing rever.sibility of jirocess 
by healing and cooling. 'J'he saline solution was warmed at the rate of l^C, jior minute up 
to 4lj°C. and then eooled at the rate of PC. per minute to 12°C. 'tdie arrows indicate the 
direction of the jiotential change. The dilTerenec between the curves below 2.3°C. may or 
may not be significant. Some individuals show a fair degree of similarity hotween the two 
curves and others ilo not, as in this case. Curves plotted from data obtained by the L. & N . 
Mieromax Hecorrler. 

The SyinpntheMe Syslem and Thermal Polcnlial Chanyrs. If is reasonable to 
suppose that the general shaijc of the T. P. J). curves, in regard to both gross 
and minor fctiturcs, may be due to nervous control of the vascular system. 
'J'o check this jio.ssibility, curves were recorded from a control and from a .s.ym- 
pathectomized nibbif., measurements being made between the ears of each 
animal.'" 

'“Dr. Philii) M. LeComptc and Dr. Ilallowell Davis of the Department of Physiology, 
Harvard Aledical School, kindly assisted in the rabbit experiments. Doctor IjcComptc 
carefully sympatliectomized the rabbits several days iireccding the exiicrimcnt. 
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Sympatliectomy, performed about six days prior to the experiment, consisted of removal 
of the superior cervical ganglion and section of the right dorsal and ventral auricular nerves 
at the base of the ear. The rabbit to be te.sted, narcotized b 3 ' an intraperitoncal injection 
of pentobarbital, was fastened on its back on an animal board, with the head placed so that 
the ears liung down over the end of the board and into tljc beakers containing the saline 
solution. The right ear was immersed to a depth of approximately 7 cm. in the beaker to 
be heated, and the left ear was similarly dipped in the solution maintained at room tem- 
perature. 

The change of potential recorded in these curves was about 0.5 mv. per degree 
Centigrade. The shape of the curve is clearly unaffected b}'' any function of the 
.sympathetic nervous system. Tlris experiment was repeated on the same con- 
trol rabbit and on a second sympathectomized animal with practically identical 
results. 

The curves obtained from rabbits .seem to pos.se.ss no features which might di.s- 
tingui.sh them from curve.s of human subjects. 

IV. The role of tbwper.ature in abdo.minovaginal potentials. In vieiv 
of the evident influence of temperature on finger-to-finger potentials, it was of 
interest to ascertain whether or not the same general relations would hold true 
in abdominovaginal voltage determinations. 

Isothermal Contour Patterns. Since the reference electrode employed in meas- 
urements of the so-called “abdominovaginal sign” of ovulation had been applied 
on the suprapubic skin region (1-3, 0, 9-12), it seemed neces.sary, first of all, to 
check the degree of temperature variations over skin surfaces. This was accord- 
ingly performed over the abdomen and thighs of a human subject. The results 
are conveniently represented by isothermal contours (fig. 0), 

Procedure. The temperature was measured bj’’ mcan.s of a small thermocouple of no. 42 
B. & S, gauge copper and constanlan wire. The exploring tiiermal junction wa.s mounted 
on the surface of a piece of cork 2 mm. square, which in turn was fastened to a small glass 
tube. Tlie exploring junction had a ver\' small thermal capacitj' and re.ached ecpiilibrinm 
with the .skin in a fraction of a second. 

The reference junction was immensed in a water bath atapproximatclj’ room temperature 
inside a vacuum Tiicrmos flask. This g.ave suflicient stability to the temperature of tiie 
reference junction, since there was at most a dilTcrcntial of one or two degrees between 
the reference junction water bath and room temperature. 

The thermocouple system was calibrated, each time it was used, by placing the exploring 
junction in a water bath containing a standard mercury thermometer graduated in ste|).s of 
0.02’C. The water bath was then warmed over the range of skin temperattire previously 
measured, A Leeds & Xorthrup (Catalog no. 2.500-Cj Type K galvanometer w.a.s used as a 
null-indicating instrument.'* Even with the relatively long natural period of 5 seconds, it 
w.as eas 3 ' to obtain .sufficienth' accurate temperature determinations in 3 to 4 seconds, Tiie 
short time is made possible by anticipating the deflections of the galvanometer and rapidly 
manipulating the potentiometer to keep the deflection at the zero point. 

Rc.snUs. The i.sothermal contour pattern.^ (fig. 0) clo-sely re.=emh!e the i.so- 
potent ial ciirve.s, as recorded in figure 1, and rijow clearly how the temperature 

u This was not tfie proper galvanometer for the purpo.re, but ^vas the be.st available at 
the time. 
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varies over the particular surface areas investigated. By checking the contour 
lines it is readily seen that points only 4 or 5 cm. apart ma3’^ differ in temperature 
as much as 2° to 3°C. As regards stability, the isothermal and isopotential 
patterns are similar. 

Benedict, ]\Iiles and .Johnson (26) have published temperature curves obtained 
b\' moving a thermocouple down the nipple line of a human subject. Similar 
curves raaj’’ be derived from figure G bj' plotting the temperature values along a 
straight edge placed parallel to the nipple line. 



contours 
. figure 1. 
I a “high” 

of 34:.4°C., a difference of 6.0°C; 


Pig. 6. Isothermal contours measured on a female subject. The isothermal 
e.xhibit the same type of "highs” and “lows” as do the isopotential patterns; cf 
The temperature range of the isotherms shown in figure 6 is from a "low” of 28.4 to 


Thermal and Potential Abdominovaginal Gradients, Figure 7 is a traced com- 
posite of a poi'tion of the electric and thei’mal record obtained simultaneously 
when a vaginal and a suprapubic electrode containing thermocouples were em- 
ployed. Such an experiment is interesting in idew of the report of Burr and Bar- 
ton (27) in so far as it furnishes data on the variation of another parameter: 
namely, temperature, which is known to fluctuate during sleep. 
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Procedure. The elecferodes i^rere agar blocks made v.-ith physiologic saline solution, agar 
and Arles.” The electrode proper consisted of a chlorided silver plate immersed in the agar 
ma-ss before the latter solidified. Small iron-constantan thermocouples inserted in thin- 
vralled glass capillary tubes were also embedded in the agar mass. The thermocouples were 
connected so that each agar block electrode contained tv.'o thermal junctions toincrease the 
temperature sensitivity. 

The output of the thermocouples was connected to a Leeds & Northrup Micro- 
max Recorder. The potential leads were connected to another Leeds & N orthrup 
Recorder, The L. & N, Recorders had the same paper speeds and each was oper- 
ated by a synchronous motor. 

Remits. Unfortunately the agar electrode mass has a relatively large thermal 
capacity, as well as poor heat conducthdty. The temperature record is there- 
fore greatly smoothed and will tend to lag considerably in time. However, 
even in spite of these difficulties, it is reasonabty clear from figure 7 that the 



VAGINAL- SUPRAPUBIC E.M.E AND TEMPERATURE 

Fig. 7. Composite of simultaneous recordings of vaginal-suprapubic potential and tem- 
perature differences. These were automatically traced on two separate Leeds & Northrup 
Micromax Recorders. Each record was traced and the composite carefully put together to 
insure simultaneity. There is quite an appreciable thermal lag, as recorded, due to the 
poor heat conducti\dty of the agar mass, as well as its relatively large heat capacity. The 
temperature record may be seen to follow the base-line of a greatly smoothed electric record. 

mean changes in temperature follow the potential changes. Most of this record 
shows the electric and thermal tracings to be in phase; that is, an increase in 
temperature is accompanied by a rise in potential. Frequently, however, the 
phase relations may shift for several hours; i.e., an increase in temperature now is 
accompanied by a decrease in potential. These potential-temperature pfaa.se 
reversals are entireh* consistent with the results obtained in the thermal potential 
difference experiments. As shov.Ti in curve A of figure 4, the potential may not 
increase uniform!}* over the temperature range of 28° to 34°C., the same tem- 
perature range as represented in the isothermal plot of figure G. In curv*e A of 
figure 4, the potential is seen to increase with temperature from 28° to 31.8°C., 
and then it proceeds to fall 1 mv, between 31.8° and 32.5°C,, even though the 
temperature is still rising. 

” Arlex; Trade name of commercial sorbitol, an excellent “humectant , manufactured 
by the .Atla.s Powder Company, Wilmington, Delaware. 
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It should be emphasized that both the thermal and electric curves of figure 7 
represent differential values; that is, the temperature or electric difference be- 
tween the vaginal and suprapubic electrodes. 

V. pH AND POTENTIAL CHANGES. Since the experiments described above 
clearl}'' indicated a relation between temperature and bioelectric potentials, the 
next consideration was the effective mechanism. 

Evidence that the thermal factor might act through its influence on pH was 
suggested bj’- the data of Srib.yatta and Bazett (28) on decrease of pH of blood in 
idvo with increase in temperature. Through a temperature range (10°-45°C.) 
approximate^’' the same as that within which the T. P. D. curves of the present 
study were recorded, these workers obtained a difference of 0.36 pH. Now, if one 
assumes that the thermal skin temperatures are due to a pli concentration-cell 
S 3 ’'stem made up of blood, tissue fluids and the sldn, and since a change of 1 pH 
unit is equal to a potential Shift of about 60 mv., a decrease of 0.36 pH would 
involve an increase of approximatelj'’ 22 mv. This figure is of the same order of 
magnitude as the voltage changes recorded in the T. P. D. curves over a cor- 
responding temperature range. The pH values, as plotted bj" Sribyatta and 
Bazett, and the T.P.D. curve C of figure 4 are similar. 

Stasis and Potential Changes. In view of this agreement between calculated 
and observed values of E. M. F. when thermal sldn potentials were assumed to 
Idb due to a pH concentration-cell sj’-stem, we next undertook to determine if one 
could obtain significant changes in potential by emplojdng some means to affect 
pH. An experiment was therefore devised whereb}’- the temperature was kept 
constant, but a shift in blood and tissue pH was induced bj’- arterial and venous 
stasis. 

The same set-up was used as previously in obtaining the T. P. D. curves represented in 
figure 4, but in this case the fingers of the experimental hand were placed in a beaker of 
saline solution kept at a constant temperature of 40°C. ±0.1°C., while the reference or con- 
tralateral fingers were immersed in salt solution maintained at approximately 23.2°C. A 
Riva-Rocci cuff was placed on the experimental arm as for determinations of blood pressure. 

For a period of 20 minutes normal conditions prevailed. Then the cuff was 
rapidly inflated to 40 mm^ Hg above systolic pressure. Following a brief lag, 
the potential rose to a plateau (fig. 8). After 10 minutes, during which pain was 
experienced and the arm became quite cyanotic, “Bier” spots being clearly visible 
near the end of this period, the pressure in the cuff was rapidly released, where- 
upon the potential fell steepl 3 ^ There was, however, a lag of 10 to 15 seconds 
between the release of the pressure and the beginning of the potential drop. The 
potential decreased rapidly and seemed to overshoot — possiblj'' because of excess 
blood flow due to the relaxed condition of the capillaries under the high concen- 
tration of COo w^hich had been built up during the period of arterial and venous 
stasis. 

■\\flien the cuff was again inflated 10 minutes later, the same phenomenon was 
observed. In the last part of the record, a similar potential rise was induced by 
unarming the experimental hand. 
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Tins particular experiment may be repeated as often as desired ‘witb substan- 
tially identical results. 

PRESSURE PRESSURE H EATIN G 

! OH i OFF I OH 1 OFF 1 1 



Pig. 8. Finger-to-finger potential changes induced by arterial and venous stasis by means 
of a Riva-Kocci cuff on one arm. 

When the pressure was released at 3:40 p.m., there was a sudden drop of 8.8 mv. in the 
potential difference between the control and the experimental arm. From data compiled 
by Peters and Van Slyke (29), a difference of approximately 0.14 pH may be expected in 
human blood between the condition of rest and that of heavy exertion. This corresponds 
to a voltage shift of 8.7 mv., a figure in close agreement with our result. 

The last part of the record marked “heating”, and beginning at about 4:11 p.m., shows 
the potential change on warming from 40° to 46°C. The break in the curve is caused by the 
momentary cessation of the heating at 43°C. 

Curv'e reproduced photographically from untraccd original. 


KUllvolts. 
^ o c* 



Fig. 9. Left-hand curve. Thermal potential differences induced by heating heparinized 
whole blood in one arm of a “U”-tube, the ends of which were covered with a semipermeable 
membrane. Little potential change appeared before 30°C. At o0°C, the potential fell to 
zero and no further potential change was observed, even though the heating v as continued 
to 60°C. It is quite possible that the 50°C. point may be significant in this connection, as 
roost of the proteins would be completelj'^ denatured at or before this temperature v as 
reached. The curv^e is an untraced photographic reproduction. 

Right-hand curve. Potentials recorded in test system when dilute HCl and dilute KaOlI 
are added on one side of the semipermeable membrane. Cur%'c traced from original 
recording. 

VI. Effects of teicperattjre akd pH potential in vitro. In order to 
study directly the effect of thermal and pH changes on potential, experiments 
were performed on a sjmthetic sj'stem. 
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1. Temperature. The set-up consisted of a **U”-tubc containing heparinized whole 
venous blood; across the ends of the “U”-tube was stretched a semipermeable membrane. 
One arm of the “TJ”-tube was inserted in the beaker of saline solution serving as the refer- 
ence terminal. The other arm of the “U”-tube was dipped in the salt solution to be heated. 
The curve obtained, as the saline solution was heated, is shown in figure 9 (left-hand plot). 

2. pH. The “U”-tube used above was modified by making a glass “T” connection at the 
vertex of the inverted “U” and inserting a very small bore rubber tube down the “T”and 
along one arm of the “U”. The side having the rubber tube was called, for convenience, 
the “experimental arm.” In the set-up as described above, but with the “U”-tube filled 
■with the same saline solution as in the beakers, the only potential in the system was the small 
electrode potential. 

When dilute HCl in saline solution was run through the rubber tube to the 
“experimental arm,” a potential change in the positive direction was observed, 
as shown in the right-hand curve of figure 9. When pure saline solution was sub- 
stituted, the potential returned to the initial value. The introduction of dilute 
NaOH in salt solution, on the other hand, was followed by voltage changes in 
the opposite direction. 

The direction of the potential change elicited upon introducing dilute HCl 
into the system was the same as that caused by the acidosis resulting from the 
arterial and venous stasis produced in the experiment described above. The 
results of the in vitro experiments therefore substantiate those obtained in vivo, 
showing clearly a definite relation between thermal and pH factors and potential. 

Discussion. The evidence presented in figure 1 indicates the great difficulty 
of locating on the skin surface a stable reference electrode. The potential 
gradient is occasionally so steep that a difference of 22 mv., or more, may be found 
between two points no further apart than 4 cm. This difficulty in maintaiaing 
the stability of a reference electrode on the skin surface offers m itself a rational 
explanation for the inconsistent results previously obtained in connection with 
the so-called “abdominovaginal sign” of ovulation. 

The role of emotional factors in relation to stability of isopotential contour patterns 
brings up an interesting point with regard to the findings of Altmann (8) on the sow. Since 
Altmann’s potential values, as published, represent the averages of several daily observa- 
tions taken at various times during the cycle, it is not surprising that the voltage differences 
at ovulation time are higher than those at diestrus, for she herself comments on the "fre- 
quent and typical grunting, mounting, and restlessness” of the sow during heat. She 
records that in the course of estrus, spontaneous activity increased up to about twice the 
non-estrous level. 

Inasmuch as in our experiments on finger-to-finger potentials we were unable 
to duplicate the results of other workers who reported cyclic electric changes 
which they correlated with ovulation time, it may be pertinent to remark on 
certain aspects of these studies. In regard to the findings recorded by Barton 
(17, 18), it should be pointed out that the method of reducing all cycles to deciles 
grossly ignores any possible biologic connection between ovulation and menstrua- 
tion. 'VSTule the method is admittedly statistically convenient, it may not 
legitimately be apphed where there exists any causal relation between a series of 
variables observed over different intervals of time, and especially when there is a 
functional dependent relation between the separate observations. 
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In connection the experiments of Altmann et al. (19), it should be noted 
that since the cycle lengths of their subjects ranged from 23 to Cl days, the 
results are hardly applicable to the normal cycle. Furthermore, the temperature 
and vaginal smear data, collected for the purpose of furnishing correlative and 
supporting e\ddence as to the time of ovulation, were admitted by the authors 
to be not entirely satisfactory. The temperature records, they state, did not 
always represent basal values. The vaginal smears, stained by the original 
technic of Papanicolaou, which is now considered quite inadequate, manifested 
a “rather weak expression of the phases of the cycle,” The latter was attributed 
to the fact that the subjects were college women. 

The temperature potential difference (T. P, D,) cun^es recorded in this study 
clearly demonstrate a definite relation between thermal and electric changes, and 
indicate that the mechanism by which temperature influences potentials is con- 
cerned, at least in part, with changes in pH, Certain non-linear results obtained 
in the course of our experiments bring to mind the investigations of Loeb (30) 
on the effect of hydrogen-ion concentration of protein solutions in modifying the 
potentials across membranes. 

On the basis of the asymmetric temperature differences noted b^’ Heiser and 
Cohen (22), as well as the finger potential data presented above, it w'ould seem 
highl}’’ probable that there is a small but significant pH difference between the 
'imnous blood taken from the right and left arms. In right-handed indiwduals, 
the pH of the blood should theoretically be .slightly lower in the right arm than 
in the left one. 

It may be pointed out that changes of blood and tissue pH mth respect to temperature 
have been little investigated . Measurements of pH have usually been made under caref ullj" 
standardized temperature conditions, and comparatively meager information is available 
relating to continuous functions of temperature and pH, The influence of enwronmcntal 
factors on blood pH was investigated by Berg and his associates (31) who found a high 
statistical correlation between the blood pH of dogs and that of human beings studied over 
the same period of time. The relation between pH and temperature was less marked than 
that between pH and barometric pressure. In our own study on finger potentials made 
simultancou-sly on two groups of women, verj' little correlation could be shown between the 
ob.scrved potentials and barometric pressure, whereas a definite relation was noted between 
potentials and relative humidity. This is probably due to the fact that the action of the 
prc.ssure change is eyiamotrical and does not have as large an asymmetric modifying factor 
as does the relative humidity. The relative humidity may be considered as an asymmetric 
modifying factor, since there exists an initial diflerence in temperature between the right 
and left hand.s and any change in the relative humidity modifies the relative rates of heat 
radiation of the two hands- 

In attempting to explain the marked E. M. F, change.? that have been as- 
.sociated with ovulation, one .should take into account the e.xperimente of Mittel- 
maim and IVolff (24) w'ho reported great variability in finger temperaluras with 
different emotional .‘■tate.?. Since sJnn temperalnrc jlitcluulions are known to he 
induced by vaeotnotor and hormonal changes, it seems guile probable that the so-called 
^‘ovulation potentials’^ previously reported, ichcthcr clietted between a vaginal and a 
suprapubic electrode {J-O, 9-12), between two surface areas — abdominal or flank 
(7, S, 12), or hriween fingers (/4-/5), arc measurements only of local changes in 
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peripheral cutaneous blood flow, due to alterations in capillary tone. Hormonal 
changes, which would of necessity be general and diffuse, might easily lead to 
increased instability of capillary tone, giving rise to fahly large thermal and 
potential shifts. On this basis, one may perhaps explain the difficulty encoimt- 
ered in attempting to plot either isopotential or isothermal contours on individuals 
of the so-called “sthenic” type. When one considers the profound vascular and 
thermal changes which occur vdth estrus, Rogers’ (6) experiments on rats seem to 
faU readity in line with the results in human beings and rabbits. 

In regard to the contention of Altmann et al. (19) that potential and temperature differ- 
ences between index finger-tips were unrelated, it should be pointed out that no definite 
conclusion can be drawn from their experiments, for, whereas the thermocouple measures 
the temperature of a decidedly restricted area in physical contact with its elements, the 
electric measurements, on the other hand, represent the bioelectric conditions existing over 
a fairly large area (the surface of the finger-tip), and would not be expected to be related to 
a point determination^of temperature. 

Mention should here be made of a recent report by Langman and Burr (32) 
of a negative shift in potential difference between the cervix uteri and the ankle 
noted at certain times in the menstrual cycle, whereas tests made on other days 
of the cycle showed the cervix to be positive to the anlde. Negativity was ob- 
served during the menses, as well as at various times in the iatermenstmum. 
Because in two cases artificial insemination performed during the negative phase 
resulted in pregnancies, the authors regard the negative shift of potential of the 
cervix uteri as a sign of ovulation. 

In this connection it seems pertinent to suggest the possibihty that the po- 
tential change recorded by Langman and Burr may be dependent on cyclic varia- 
tions in the pH of the cervical mucus. Pierra (33), reporting an iucrease in 
alkalinity of cervical mucus in the intermenstruum, stated that while the rise in 
pH could not be considered a definite test of ovulation, it inight help to detennine 
when a woman was especially fertile. Later, Lamar, Shettles and Delfs (34) 
noted increased alkalinity of cervical fluid during the menses, as well as in mid- 
cycle, and observed that this change was accompanied by a rise in the amount of 
secretion together with increased penetrability to spermatozoa, as well as longer 
survival time of the latter. The possible role of cervical pH in accounting for 
unexplained causes of sterility has been suggested by Schockaert and Delrue (35) . 

May not the increased negativity of the cervix during catamenia and in the 
intermenstruum, recorded by Langman and Burr, be merely a measure of in- 
creased alkalinity of cendcal secretion at these times? Such a process can be 
duplicated by the in ^dtro experiment described above (fig. 9, right-hand curve) 
in which a shift of potential difference in the negative direction took place when 
NaOH was substituted for NaCl in the S 3 mthetic system. On this basis, then, 
one would expect the negative phase to be the logical time for artificial insemina- 
tion to succeed, due to the increase of alkalinity of the cervical mucus asso- 
ciated with optimum conditions for penetration and longevity of spermatozoa. 
Strictly speaking, then, the negative shift in potential between the cervix uteri 
and the ankle, reported by Langman and Burr, may be regarded not as a test for 
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ovulation, but as an indication that conditions in the cendx are favorable for the 
surnval and successful fiuictioning of spermatozoa. 

SUJnrARY AND CONCLUSIONS 

plotting isopotential contour patterns on human skin areas, it was 
difficult to locate proper^’- on the surface a reference electrode which would be 
stable in potential. This instability, which may be in part, at least, related to 
emotional factors, made it impossible in our cases to obtain isopotential con- 
tours on preoperative patients near ovulation time. With the broad ligament as 
a reference electrode, direct measurements on ovaries in situ, during laparotom}’" 
within the estimated ovulation time, faded to show any marked potential grad- 
ients. The difficulty of maintaining the stability of a reference electrode on the 
skin surface offers in itself a rational explanation for the inconsistent results 
previously obtained in connection vdth the so-called “abdominovaginal sign” 
of ovulation. 

2. When adequate precautions were taken to rule out spurious readings, no 
marked changes could be demonstrated in daily finger-to-finger potentials of 
two groups of female subjects studied for about nine consecutive weeks. In 
women vdth normal menstrual habits, there was no evidence of c5’'ch‘c potential 
changes between finger-tips that might be related to the occurrence of emulation. 
The index fingers did not appear to possess any unique property when voltage 
readings obtained from them were compared vith determinations made 
on other pairs of fingers. The observation that polarity was associated vith 
relative activity (and possibly temperature) of one hand as against the other, as 
well as the high degree of similarity in direction of potential shifts of the two 
groups of women studied simuItaneou.sly, pointed to a common environmental 
influence as a factor underljdng the ohserved fluctuations, and suggested the 
investigation of temperature in relation to finger potentials. 

3. Temperature was shovn to influence bioelectric potentials, the effect con- 
sisting, as a rule, of an increase in potential of the warmer area in a positive di- 
rection with respect to the cooler one. The relation of skin potential to the sur- 
face temperature was found to be reasonably stable and reproducible within cer- 
tain limits over the range from 12’’ to 46°C. The change of potential with 
temperature was reversible; it was not affected by the sex, state of consciousness, 
or position of the subject. The results were similar whether fingeis of the .same 
or of opposite hands were tested, and, as shown by the rabbit experiments, were 
apparent^ not dependent on sympathetic innervation of the areas .studied. 

4. The evidence presented suggests that the mechanism through which 
temperature affects potential may be hound up with changes in pli. If one 
assumes the thermal skin potentials to be due to a pH concentration-cell .sy.slem 
and, on the basis of previous e.vperiments relating temperature and pH, one 
calculates the values of E. M. F., the theoretical and obsen'cd figure.s agree 
closely. 

o. Bioelectric plicnomena jirei'iously reported as related to ovulation are due 
primarily to cutaneous vascular condition.s and possibly onl}' remotely and to a 
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slight degree to ovarian influence. Local changes in blood flow affect the focal 
temperature, which in turn reacts on the focal pH, the fluctuations of which di- 
rectly determine potential variations. Because the hormonal factor is only one 
of several affecting vascular phenomena, it is our belief that potential changes 
recorded thus far cannot be attributed solely to ovarian activity, and that there- 
fore the electric methods hitherto proposed are unsuitable for tlie detection of 
ovulation. 

We are greatly indebted to Dr. Hallowell Davis for valuable suggestions during 
the course of these investigations. 
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Recent t\'ork has suggested t!mt the kidney maj" jda.y a role in resisting sliock 
duo to JiemorrJiage. lEis concept is supijorted the following observations: 
1, renal venous blood obtained from dogs which have been bled causes a greater 
increase in blood pressure than does similar blood from normal animals when 
injected into a recipient ncphrectomized dog (1); 2, hemorrhage in nephrecto- 
mized dogs results in a lower blood pressure and a higher percentage of deaths 
than the same amount of blood loss in intact control animals (1); 3, in adrenalec- 
tomized dogs the renal mechanism seems essential for pressor activity (1); 4, 
blood from animals after hemorrhage, as tasted on guinea-pig ileum, shows an 
increased content of angiotonin and a decreased content of I'enin-activator, as 
compared with a marked increase in renin-activator content in adrenalectomized- 
nejdirectomized dogs (2) ; 5, blood pressure can be restoi-ed in dogs made hypo- 
tensive fi’om hemorrhage b}’ injection of renin-activator, jjrasumaljly because 
secretion of renin after hemorrhage rcsaltf^ in an exhaustion of renin-activator 
(3). The experiments here reported offer evidence that in the rat — as in the dog 
— the kidneys pla.y a role in maintenance of blood pressure and prolongation of 
life in hypotension due to liemorrhage. 

I^Iethod. In each experiment a pair of rats of the same sex and of approxi- 
mately equal weight and age were used. These were given as nearlj' as possible 
identical treatment e.xcept that in the test animal the renal circulation was 
severed from its connection with the genei-al circulation, while that of the control 
animal wa.s left intact. A cannula was inserted into the abdominal aorta just 
proximal to its bifurcation and blood pressure readings were taken with a mer- 
cury manometer connected directly to the cannula. In five exi^erimenls the 
rats were anesthetized with 1 per cent sodium pentobarbital given intraperitone- 
alh' and later .supplemented by intra-aortal injections of smaller quantities as 
nece.«sary. In the other two experiments ether was used until approximately 0.5 
cc. of 20 per cent paraldehyde in .saline could be injectcfl intra-aorlally. Hep- 
arin in .‘=aline was administered to prevent clotting. Blood was withdrawn and 
injections made through a three-way tap connected to the aortic cannula. 

Every effort was mafle to control the effcct.s of such trauma as wa.s ncce.«sary 
in order to carry out the experiments. Thus, in two c.\j)erimcnts complete 
bilateral nephrectomy was performed through the abdominal cavity in the test 
animal, and renal decapsulation with as nearly as j)oss!j)le the same amount of 
tnmma was periVinned in the control animal. In f)ne experiment the kiflneys of 
botfi animals weie freer! fiom t heir cap.«ule anrl peritoneal covering and ligatures 

•IIG 
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Avhich had lieen passed around the pedicles were tied in the test animal and left 
loose in the control. In the remaining four experiments ligatures were passed 
around the vessels of both kidneys with a curved needle, avoiding trauma to the 
kidneys, and these were tied in the.test animal and left loose in the control.. The 
average duration of the operation was 20 . minutes, so that there was relatively 
little difference in the duration, of shock, in tlie two animals, but in addition the 
order of operation on test and control rats was alternated in successive experi- 
ments. The technique of bleeding varied according to the amount required to 
give a moderate hypotension, but 0.5 cc. portions ivere removed every 10 min- 
utes until roughl.y one per cent of total bodA’ weight was withdrawn and subse- 
quently blood was withdrawn in 0.25 cc. portions until the animals died. 

In one additional experiment adrenalectomy was performed through the abdo- 
men in both test and conti’ol animals previous to the above-described operation 
and bleeding. 

As a control to determine the effects of the anesthetic and operation alone two 
additional experiments were perfoimed. A single rat under sodium pentobar- 
bital anesthesia, ivithout renal circulation, was allowed to remain without blood 
loss until death. In the second experiment a te.st and control animal, both under 
ether and paraldehyde, were allowed to remain similarly until death. 

Results. The effects of blocking the renal circulation were striking in that 
in all experiments the control animal maintained a higher blood pressure after 
bleeding than did the test rat. This was true also in those experiments in which 
the initial blood pressure before bleeding was lower in the control than in the test 
animal. In all but one experiment the control rat lived longer (fig. 1 a-c), and 
in the single experiment in which the control animal died sooner, its blood pres- 
sure throughout the experiment, except for the last eleven minutes, was signifi- 
cantly higher than that of the test animal. 

Results of the adrenalectomy" were inconclusii^e since the first blood pressure 
readings indicated that the operation itself ivas extremely shocking, but the 
difference between test and control animals seen in the seven previous experi- 
ments were exaggerated in the adrenalectomized pair of rats. Both animals 
sustained hemorrhage poorly, that without renal circulation markedly less well 
(fig. I, d). (In no experiment except that with adi'enalectomy could any dis- 
tui'bance of the adrenals or their blood supply be demonstrated on gross post- 
mortem examination.) 

In the control experiments ■without hemorrhage the one animal under sodium 
pentobarbital without renal circulation maintained a blood pressure above 90 
mm. Hg for 4| hours. In the two animals undei’ jiaraldehyde the animal without 
renal circulation maintained a pre.ssure above 95 lor 3 hours, while the control 
had a consistently lower blood pressure but maintained it above 80 for'2f hours. 
This period was longer than the duration of hemoi'rhage and hypotension, from 
initial hemorrhage until death, in any of the experiments. 

Discussion. Recent woi-k has shown that the kidneys produce a pressor 
substance following hemorrhage ivhich can be demonstrated by injection into 
dogs or by in vitro tests on guinea-pig ileum, and that nephrectomized dogs main- 
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tain a low'ei' blood pressure tlian intact animals (1) (2). TJie experiments here 
reported show that rats deprived of their renal circulation withstand hemorrhage 
much more poorh' than do conti’ol rats. 

The following facts were considered to rule out otlier causes of the difference 
in response of test and control animals than the failure of the test animal to se- 
crete a renal pressor substance: The effect of accumulated sodium pentobarbital, 
which is excreted mainljr through the kidneys, was eliminated by experiments in 
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Fig. 1. EfTect of hernorriiagc on the l)Iood pressure of rats deprived of tiieir renal circu- 
lation and on control intact rats. 

Fig. 1, a, b. Test animal had bilateral nephrectomy; control animal had renal dccajjsu- 
lation and .sham nephrectomy. Both animals under nembutal. 

Fig. 1, c. Ligatures pa-ssed around renal pedicle of both rats with a curved needle, tied 
in the test rat and left loose in the control. Both animals under nembutal. 

Fig. I, d. Both animals adrcnalectomizcd. Ligatures pas.scd around renal [icdicles of 
both animals, tied in test animal and left loose in control. Both animals under ether 
followed bj' paraldehj'dc. 


which other and paraldehyde, which are eliminated mainly by the lungs (4), were 
emplot-ed as anastlietics. That the rc-sults were due to trauma or removal of the 
adrenals from the circulation was not con.sidered tenable because of the separate- 
nc.ss of the kidneys and adrenals in rats, the failure to flemonstrate a fltmiaged 
blood supi)ly or damagerl gland at po.st-mortem, the much greater .shock cau.^ed 
by a^lrenalectomy than by ncphi-ectomy, and by the fact that the action of the 
aflrenal and kidney seemed to be additive in that adrenalectomized rats without 
renal circulation withstood hemorrhage extremely poorly as cornjjarerl with the 
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control adrenalectomized rat. Although in these experiments no attempt was 
made to rule out reflexes arising from the kidney as a cause for the results, 
Hamilton and Collins have shoira that the production of a pressor material does 
not depend entirely on connections with the central nervous s 3 '-stem (1). 

These experiments do not prove that the renin — renin-activator system, which 
has been shorni to undergo changes during hemorrhage and shock, is responsible 
for the maintenance of blood pressure in this condition, but such seems the most 
logical explanation at the present time of the fact that animals deprived of their 
renal circulation withstand hemorrhage much less well than control intact 
animals. 


SUMMARY 

Rats anesthetized nnth sodium pentobarbital were subjected to repeated 
hemorrhage, the kidne 3 "s being removed from the circulation in one-half of the 
animals and being intact in the remainder. The nephrectomized animals dis- 
pla 3 >'ed a greater drop in blood pressure, and died following the removal of a 
smaller amount of blood than the controls. The effects were not due to trauma 
to the adrenals because the}'' V'ere not modified when the kidneys of the control 
animals were manipulated to a degree equal to that required for a nephrectomy. 
Like'^’ise, the results were not due to failure of excretion of the anesthetic agent 
because similar effects were observed in animals anesthetized vath ether and 
paraldehyde. The observations support the concept, advanced by others, that 
the renal pressor mechanism may play a r61e in resistance to hemorrhage and 
other states attended by acute lowering of the blood pressure. 
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That the response to ■ttithdrawal of small volumes of blood changes vith the 
state of the animal and with the volume and composition of the circulating fluid 
is a matter of common obsen''ation. There have been occasional attempts to 
use this as a means of gauging the severity of cardiovascular damage (Ebert, 
Stead, Warren and Watts, 1942) or the adequacy’’ of blood substitutes (Gordon, 
Hoge and Lawson, 1942; Levinson, Weston, Janota and Necheles, 1943). The 
significance of such studies is obscure, since there has been no systematic in- 
vestigation of the factors which limit the xmlume of blood which can be vith- 
dravTi from an animal at any particular circulatory level, and since the limiting 
factors cannot be predicted on a priori grounds. 

It may be assumed with some assurance, however, that the volume obtained 
when an animal is bled to death depends upon the volume and the composition 
of the blood at the start of the bleeding; upon the amount of extravascular 
fluid which can be brought in, and the efficiency of mechanisms which maintain 
flow through vital organs, during the bleeding; and upon the ability of wtal 
organs to survive reduction of blood flow toward the end of the bleeding. It 
appears likely that the relative importance of these factors will vaiy with the 
rate of bleeding. Rigorous control of bleeding rate is therefore essential if any 
interpretation of results is to be attempted. The term bleeding volume will 
be used in this report, unless it is qualified, to mean the volume of blood obtained 
b}’" bleeding to death at controlled rates of blood m'thdrawal. 

Comparison of bleeding volumes in groups of differently treated animals 
might be expected to jield useful information, but the value of the information 
gained would hardlj' justify either the labor or the large expenditure of animals 
which would be required. Data on the factors which govern bleeding volume 
could be obtained easily and economically if it were possible to repeat the 
measurement in the same animal at appreciable time intervals. Such repeated 
measurements are possible if a reliable end-point for the first exsanguination 
can be found, which Anil permit extrapolation to death with a fair amount of 
accuracy. It is obvious that even small blood Avithdrawals for the production 
of such an end-point may produce persistent changes in bleeding volume Avhich 
will alter the value obtained in the .second measurement. If irreparable damage 
is done to the cardiovascular sy.stem or its contents on the first Anthdrawal, 
reinjection of the draAvn blood .should neld low .second values. If, on the 
contrary, there is a net gain of circulating fluid during the first withdraA\al, 
and this fluid remains available, second volumes should be higher than the first. 

^ Aided by a grant from th(; Knox Gelatine Company, .lohnstown, N. \ . 
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The studies reported here were undertaken in an attempt to find conditions 
under which bleeding volume could be determined twice in the same animal, 
the animal being Idlled by bleeding on the second test. Since the immediate 
object was the development of tests for the empirical comparison of blood 
substitutes (Lawson and Rehm, 1943), conditions were sought under which the 
second volume would be nearh' the same as the first if the blood drawn for the 
first test was reinjected, and would be very low if no replacement was made. 
Similar considerations influenced the choice of a 4-hour interval between the 
first and the second measurement. 

jMethods. Dogs kept without food and water for 18 to 24 hours were anes- 
thetized by a single intravenous injection of sodium barbital, 250 mgm./kgm. 
A tracheal cannula was inserted, a cai-otid artery cannulated for recording mean 
arterial pressure, a femoral arteiy cannulated for drawing blood, and the ipse- 
lateral femoral vein prepared for infusions. Animals were not selected for size, 
sex, or condition, except that no obvious^’- sick, immature, or pregnant animals 
were used. About one-fourth of the experiments were done with 0.9 per cent 
NaCl solution in the carotid cannula and blood-pressure line, with | cc. 5 per 
cent chlorazol fast pink solution injected into the cannula as anticoagulant, the 
remainder "with 5 per cent sodium citrate solution. No difference was observed 
in the results. The animals were kept in a supine position throughout the 
period of observation. 

Blood was draivn by free arterial hemorrhage in unit volumes equal always 
to 2 cc./kgm. body weight at intervals of 1 to 4 minutes, the interval between 
withdrawals being kept constant throughout an expeiiment. The ivithdrawal 
of this volume usually required 5 to 10 seconds, except on the last few bleedings 
before death, which sometimes required 45 seconds or longer. The relatively 
long period in each interval during which no blood was flovdng was utilized for 
flushing out the cannula to prevent clotting. The arterial pressure recorded 
as resulting from a unit volume withdrawal ivas read at the end of the interval, 
i.e., just before beginning the next withdrawal. 

Heparinization of the drawm blood for reinjection ivas done by placing in the 
bleeding cannula before each unit -withdrawal enough heparin solution to treat 
the volume to be drawn. The heparinized blood w'as filtered through cheese- 
cloth just before infusion. Infusions Avere started immediately at the end of 
the interval in w^hich the pre-arranged end-point Avas reached. No careful 
control of infusion rate Avas attempted, the blood being run in rapidly at first 
until arterial pressure began to rise, then more slowdjq the Avhole infusion being 
completed AAnthtn 3 to 8 minutes. 

Of the several criteria considered for determining the exact time of death, 
the most satisfactory'^ Avas found to be persistent depression of arterial pressure 
beloAA' 10 mm. Hg. To ensure uniformity in handling temporary depressions 
beloAA' this level, it Avas decided not to begin a bleeding if pressure at the time 
Avas beloAv 10 mm., but not to discontinue a bleeding w'hich had been started 
for any other reason than inability to obtain blood. Fractional Avithdraw'als 
w'ere thus obtained only on the last bleeding. They w'ere counted as complete 
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if more than half the required volume was dravm, and not counted if less than 
half was obtained. The volumes reported are for this reason always multiples 
of 2 cc./kgm., and are accurate within 1 cc./kgm. 

Results. Preliminary bleeding. E.vpioratory studies made it apparent 
that the conditions sought for the comparison of blood substitutes could not 
readily be obtained by a simple double-hemorrhage procedure. If the first 
bleeding was terminated when death seemed imminent, and no replacement 
was made, arterial pressure not infrequently recovered, and fairly large second 
bleeding volumes were obtained 4 hours later. Replacement with saline after 
the first bleeding rather consistently jdelded large second bleeding volumes. 
It was found, however, that neither spontaneous nor saline-assisted recovery of 
bleeding volume occurred following the second hemorrhage, if it nas stopped 
short of death. Third bleeding volumes under these conditions ware consistentlj’’ 
and strikingl}' reduced,’ many of the animals djdng within the 4 hours. 

Since comparison of the first and the second volume did not appear to be useful 
for the present purposes, it was decided to use the first bleeding as a part of the 
preparation of the animals, and actually to compare the volumes obtained 
on the second and the third bleeding. To reduce the tedium of the procedure, 
the preparatory bleeding w'as done by withdrawing from all the animals a fixed 
volume of 20 cc./kgm. at the rate of 2 ce./kgm./min., from 2 to 5 hours before 
beginning the studies reported below. Since fixed volumes were drawn in the 
preliminaty l^leeding, with undetermined amounts of circulatory impairment, 
it cannot be considered a part of the bleeding volume determinations in these 
studies. iUI the studies reported here were done on animals who had survived 
this t3q)e of preparatorj” exsanguination, without replacement, 2 to 5 houis 
pre%iousljL It has not been possible to correlate anj’^ of the results with the 
length of time betw'een preparatory bleeding and the first measurement, within 
the.se limits. 

Selection of an end-point for ike bleeding in the first measurement. The pro- 
cedure as contemplated in tlieorj’- requires that some easilj" recognized level of 
circulator^' impairment be found which will lie a reasonabh- constant bleeding 
volume short of the death of the animal. The residual bleeding volume could 
be predicted at this point on the basis of control studies, without actually 
withdrawing the residual volume in animals who must be saved for second 
measurements. 

In animals prepared as described above and bled to death at controlled rates 
between 2 cc./kgm./min. and 2 cc./kgm./4 min,, records of mean arterial 
pressure had the characteristics showm in figure 1. Both the initial and the 
tenninal plateau were ohserved witli all rates, and were also obtained in animals 
who had not been subjected to preparatory bleeding. The plateaus are the 
result of progressive restoration of pressure during the intervals between unit 
withdrawals. .Such restoration does not occur during the stceplj'-.sloped middle 
portion of the record. In this portion of the bleeding, pressure usually continues 
to fall after a 2 cc./kgm. unit withdrawal is complete. The.se relationships are 
more apparent with (he .slower rates of bleeding. 

Table I summarizes the data on animals bled to death at the 2 cc./kgm./3 min. 
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Fig, 1. Effect of hemorrhage at the rate of 2 cc./kgm./3 min. on arterial pressure. Pre- 
liminarj’’ hemorrhage 20 cc./kgm. at the rate of 2 cc./ kgm./min. 4 hours previous!}'. Each 
numbered signal marks withdrawal of 2 cc./kgm. Time in minutes. Progressive diminu- 
tion in the amplitude of Mayer waves on the initial plateau is typical . 

TABLE 1 

Dislribxilion of the volume of blood draivn dnrmg fatal hemorrhage ivilh referenee (o (he lerminnl 
plateau in arterial pressure (see text and fig. J) 


Hemorrhage rate 2 cc./kgm./3 min. The volume drawn on preliminary hemorrhage, 20 

cc./kgm., is not included 


000 NO. 

BEGINNING OF TERM. 
PLAT. 

VOL. DRAWN TO 

beginning of term. 

PLATEA0 

VOL. DRA^^'K ON TERM. 
PLATF.AU 

TOTAL VOL. DRAWN 


mm. Hg 

cc.lkgm. 

cc./kgm. 

cc./kgm. 

1 

26 

18 

14 

32 

2 

40 

20 

16 

36 

3 1 

36 

IS 

16 

34 

4 

42 

26 

14 

40 

5 

41 

22 

20 

42 

6 

33 

28 

16 

44 

7 

47 

12 

20 

32 

8 

34 

20 

12 j 

32 

9 

44 

20 

20 

40 

10 

47 

22 

20 

42 

11 

40 

16 

12 

28 

12 

44 

4 

16 

20 

13 

36 

2 

12 

14 

14 

38 

6 

14 

20 

15 

36 

8 

16 

24 

16 

45 

6 

14 

20 

17 

55 

8 

14 

22 

Mean. . . 

15.65 

30.71 

S.D 

2. So 

9.35 

S.E 

0.69 

2.27 
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1 -ate. If the 20 cc./kgm. drawn from each animal on the preparatory bleeding 
^Yere added to the -v-olumes recorded in the table, the total volumes obtained 
and the individual variations would be of the same order of magnitude as those 
reported for unanesthetized animals bled to death by uncontrolled arterial 
hemorrhage (Ivy, Greengard, Stein, Grodins and Dutton, 1943). The volume 
drawn on the terminal plateau is considerably more constant than the volume 
required to lower pressure to the plateau. The standard deviation of the former 
value, as shown in tlie table, is only 18.5 per cent of its mean, while the standard 
deviation of the total bleeding volume is 30.5 per cent of its mean. It appears 
from these data that in animals prepared and bled in this way, anival at the 
terminal plateau signals production of a circulatory state which can withstand 
only limited and fairly constant further volume vithdrawal. The con- 
stanc}'^ of length of the terminal plateau cannot be ascribed simply to the 
fact that all the animals arc exposed for the same length of time to damage at 
the.se low pressure levels, since animals bled to the e.xpected middle of the 
plateau and left undisturbed not infrequently lived for 2 hours or longer without 
cither a lise or a fall in pressure. Residual bleeding volume could be predicted 
with reasonable accuracy on the basis of the data of table 1 if the actual bleeding 
during the first measurement were terminated anywhere along the lower plateau, 
at fi.ved volumes from its beginning. 

Although the terminal plateau is ea.sy to identify on most finished records, 
it is often difficult to demonstrate on tracings which arc in progress without 
invading it for a number of unit bleedings. If the plateau is to be used as an 
empirical landmark for terminating the first Ijleeding, it seemed better not to 
invade it, but to try to obtain a pre.s.sure end-point lying just above its beginning 
on the steeply-sloped portion of the record. Animals were accordingly bled to 
death at various rates, and an e.vamination made of the constancy of volume 
withdraAval required to produce death after pressure had been lowered to (50, 
50, and 40 mm. Hg. The data for three rates of bleeding are summarized in 
table 2. Bleeding volume is divided in the table into: Hi^, the volume icquired 
to lower pressure to the level chosen as trial end-point; and Hj,, the volume 
required to produce death after this Ica'cI had been passed. Since pressure 
may continue to fall after a 2 cc./kgm. unit withdrawal is complete, the volumes 
given in the table are the volumas required to lower pressure below the trial 
pressure level. The table does not include animals whose pre.ssure was reduced 
below GO mm. by withdrawal of le.=-s than 12 cc./kgm. 4’hey do not appear 
to be .suitable for studies on blood substitutes for reasons Avhich are considered 
in a subsequent section of this report, and arc e.xcluded from all summaries of 
data except tables 1 and 5. Gomparison of the data on the 3-minute rate in 
the case of those animals which appear in both tul)Ie i and table 2 shows th.if 
the GO mm. end-point usually lies just above the beginning of the plateau, while 
the 50 mm. end-point is in some case.' aboAX*. in other eases beloAS' this IcA'el. 

The accuracy Avith Avhich the first bleeding volume could be obtained by 
withdraAving bloorl to any of thc-re prc.ssure end-points urifl extrapolating for the 
residual A'olurne, appears from the data of table 2 to decrease as the rale of 
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bleeding increases. The percentage error Avould be greatest when minimum 
values for Hia (actual volume drawn) happened to coincide vith maximum 
deviations of Hic (residual volume) from its mean. If 60 mm. Hg is used as the 
level for terminating the actual withdrawal (it appears from table 2 to be the 
most reliable pressure end-point for most of the rates) ; if minimum Hio volumes 
are 12 cc./kgm., and if 2 s.d. be taken as the greatest deviation from the mean 

TABLE 2 

The volume of H\a and Hu obtained at various levels of arterial pressure 


All volumes as cc./kgm. Onlj- mean, values with standard deviation and standard error 
are given, except for first group. See text for explanation of symbols. 


DOG NO. 

KATE HEM. 

voLiniE Hio wnEx ent>-point is: 

VOLUME Hjff, MEASURED FROM 
END-KOINT 

60 mm.Hg 

50 mm. Hg 

40 mm. Hg 



40 mm. Hg 

1 

2 cc./kgm./3 min. 

14 

16 

20 

18 

16 

12 

2 

2 cc./kgm./3 min. 

18 

22 1 

26 

18 

14 

10 

3 

2 cc./kgm./3 min. 

14 

16 

20 

20 

18 

14 

4 

2 cc./kgm. /3 min. 

26 

28 

30 

14 

12 

10 

5 

2 cc./kgm./3 min. 

22 

22 

24 

20 

20 

18 

6 

j 2 cc./kgm./3 min. 

22 

26 

28 

22 

18 

16 

7 

2 cc./kgm./3 min. 

14 

i 14 

20 

18 

18 

12 

8 

2 cc./kgm./3 min. 

20 

1 20 

20 

12 

12 

12 

9 

2 cc./kgm./3 min. 

18 

1 20 

24 

22 

20 

16 

10 

2 cc./kgm./3 min. 

20 

24 

36 

22 

18 

6 

11 

2 cc,/kgm./3 min. 

14 

16 

18 

14 ’ 

12 

10 

Mean . 



20.36 

24.18 


mmm 


S.D. . . 



4.55 

5.47 

Wgm 

Wgm 


S.E 


1.37 

1.65 

M 



NO. DOGS 



1 

1 




7 

2 cc./kgm./2 min. 

21.71 

23.14 ' 

25.14 

16.57 

15.14 1 
1 

13.14 

S.D ’ 

8.20 

7.90 

8.23 

4.56 


5.02 

S.E . . 

3.09 

2.98 

3.10 

1.72 

IQ 

1.89 

7 

2 cc./kgm./4 min. 

18.57 

20.86 

22.0 

' 10.57 

8.29 

7.14 

S.D. .. 


3.41 

3.80 

4.6I 

1.90 

3.15 

2.54 

S.E. . , 


1.29 

i.U 

1.74 

0.72 

1.19 

0.96 


value of Hie, the error will not in any case exceed 17 per cent for the 4-minute 
rate, 23 per cent for the 3-minute rate, and 32 per cent for the 2-minute rate. 

The unavoidable change in bleeding volume following the first measurement. 
Table 3 summarizes the results obtained when the blood drami for Hia measure- 
ment was reinjected as soon as the end-point was reached. The estimated 
residual volumes at the end-point for the first bleeding are the Hie values of 
table 2. The second bleeding volumes (Hs) were measured about 4 hours after 
completing the replacement of blood, and were obtained by bleeding the animals 
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completely to death, alwaj-^s at the rate used for the first measurement. The 
HsrHi ratios obtained, where Hi is taken as the sum of Eja and Hi„ have been 
multiplied by 100 for the table to show the percentage change in bleeding volume 
tmder these conditions. 

The variations in appear from the table to become increa.singlv large 

as slower rates of bleeding are used for the measurements. Since the accuracy 
in estimating Hi^ increases as slower rates are used (see table 2), these -s^ariations 
can hardly be attributable entirely to the error in computing Hi. For the 
2-minute rate, the variations are almost exactly those to be expected from the 

TABLE 3 
Jit 

~ X iOO when ihe blood drawn for measurement of Hia is heparinized and reinjected as soon 
^ as the measurement is complete 

Hi-Ha interval approximately 4 hours. All volumes in cc./kgm. Hu values obtained 
from table 2. Sec text for explanation of symbols. 


^0. 

A^•Il^ALS 

1 XATr mf. 

EKP-1»T. 

Hia 

! VOtLITE 
Hic 

VOttJiJE 

Ht. 

. VOLtTWE 

1 m 

l 

i Hj 

gjXIOC 

10 1 


vM. He 

40 

22.4 

1 

13.14 j 

1 

i 

31.0 

87.4 

S.D 

6.10 

j 

0.37 

1 HR 


S.E 

1.96 

i 

j 


1 


8 1 

1 j 

1 2 cc./kgm./3 min. j 

60 ; 

17.75 



18. IS : 

1 

26. 2.5 ' 

1 

73.6 

B.D .... 

\ 

! 3.77 

■HQ 


S.B 

1.43 


10 i 

2 cc./kgm,/3 min. I 

GO* 1 

23.0 

14. IS ; 

\- 

26.2 ; 

69.0 

B.D 

4.32 

1.S7 

i 

6.36 i 

11.54 

3. 65 

S3 


3.01 : 

j 



5 1 

2 cc./kgm./4 min. 

60 

17.2 

1Q.57 i 

20.0 1 

70.6 

SD 



9.16 1 

SO. OS 


2.41 I 

j 

4.09 j 

13.43 


* -f 4 cc./kgm. 


error in Hi, but for both the slower rates the scatter in H;:Hz k mucli too great 
to be accounted for in thi.s way. Since the values for Hi '.Hi decrea.se a.s well 
as scatter when the slower rates are used, it i.s tempting to suppo.se that the 
slower rates introduce additional variables in the form of .some .soil of irreversihle 
cardiovascular damage. Xeither the mean ratio nor the magnitude of if.s 
variations was significantly altered, liowever, when bleeding at the 3-miniite 
rate was continued until an c.xtra 4 cc./kgm. had licen drawn, before replace- 
ment (table 3). 

The cxiani of spontaneous recovery when the blocv] drawn for the first measuTcmoil 
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is not replaced. ■ If changes in bleeding volume are to be used empirically for 
the evaluation of blood substitutes, it is obviousl}’- important to show that low 
second volumes are obtained when no replacement is made after vnthdrawal 
for the first measurement. The experiments of table 3 were accordingly re- 
peated vithout an}’ replacement after the Hio volumes had been withdranm. 
Studies of this sort were not done for the 4-minute rate, since the variations in 
Ho: Hi obtained with it in the foregoing appeared to be too large for the present 
purposes. The data are given in table 4. Of the 30 animals listed in the table, 
onl}’ 11 survived the 4-hour interval. Only 3 of these had bleeding volumes 
at the end of 4 hours which were larger than the residual volumes estimated 


TABLE 4 


JTi 


X 100 when no rejilaccmcnl is made after withdrawing Hia 


Hi-Hs interval approximately 4 hours. All volumes in cc./kgm. Hu values obtained 
from table 2. Sj-mbols as in table 3. 


1 

NO- j 

ANIMALS 1 

RATE HEit. 

END-PT. 

Hi« 

VOLTTME 

Hia 

VOLimE 

Hia 

VOLTIME 

Hs 

1; X 100 

10 

2 cc,/kgm./2 min. 

mm. Ilg 

40 

20.2 

13.14 

4.8 

15.2 

S.D 

■iHi 


6.74 

2.13 

21.38 

S.E 


i 

6.76 



10 

2 cc./kgm./3 min. 

60 

22.8 

18.18 

7.2 

19.6 

S.D 

8.U 

2.67 


8.22 

21.36 

S.E 


2.60 

6.72 




10 

2 cc,/kgm./3 min. 

60* 

25.6 

14.18 

2.6 

6.2 

S.D 

6.32 


6.48 

1.73 


S.E 

1.37 


HI 





* -}- 4 cc./kgm. 


for them on completing the first bleeding. In none of these did the second 
volume exceed the value taken for Hi* by more than 0.5 s.d. 

It is apparent from these data that if a spontaneous rise in bleeding volume 
above its residual value occurs after withdrawal of Hio, it does not persistfor 
4 hours. It would appear, therefore, that an}’’ value for Hs in excess of the value 
for Hio, may under these experimental conditions be attributed to the tjpe of 
treatment given after withdraw’al of Hia- 

The behavior of animah with small control bleeding volumes. Six animals 
appear in table 1 w’hose arterial pressm’e w'as reduced to the tenmnal plateau 
on withdraw’al of less than 12 cc./kgm. Plateau volumes are somew^hat less for 
them (average 14.33 cc./kgm.) than for the rest of the animals (16.36 cc./kgm.), 
but are Avithin the limits of variation for the latter. It has become apparent 
in the course of these studies that animals with very small bleeding volumes 
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above the plateau constitute a special gi-oup. HsiHi ratios obtained, for them 
in experiments mth reinjected blood and vith other fluids are often bejmnd 
the limits of variation for the rest of the animals (Lawson and Rehm, loc. cit.). 
Illustrative data are given in table 5, for replacement with blood. The hmits 
of variation for the other animals in the respective gi-oups are estimated in the 
table as the mean values found in table 3 plus and minus 2 s.d. 

It maj’' be supposed that occasional animals in this group have had arterial 
pressure lowered to the end-point selected for Hi measurement by other mecha- 
nisms than simple blood withdrawal. Their residual bleeding volumes at the 
end of Hia withdrawal would probablj'- be excessively large, and the}' might 
be expected to jield excessively high H 2 :Hi ratios. It may be further supposed 
that the rest of them are in a state of unusually rapid deterioration. For the 
present purposes, both types appear to be excluded by confining the studies to 
animals who require at least 12 cc./kgm. blood withdrawal to lowur pressure 
to 60 mm. on the first bleeding volume determination. After the animals with 

TABLE 5 


Individual ratios obtained in autatransfusion experiments on 4 animals whose arterial 

pressure was lowered to 60 mm. Hg by withdrawal of less than 12 cc.lkgm. on Hi 

measurement 


mar. jutz 

Hlo END-POINT 

VOt. toss AT 

60 MM. Hg ON Ht 

|xJ00 

MEAN EATIO rOR 
CROrP ±2 S.D. 


mm. Us 

U./ksm. 



2 CC./2 min. 

40 

4 

0 

101.7-73.1 

2 CC./3 min. 

60 

6 

.34 

101.2-46.0 

2 CC./3 min. 

i 60* 

6 

49 

93.0-46.8 

2 CC./4 min. 

60 

1 

G 

102 

130.7-10.5 


* + 4 cc./kgm. 


Hio %'olumes smaller than this have been excluded, the ratios obtained 

do not appear to be related to the control bleeding volumes (Lawson and Hehm, 
loc. cit.). In these studies about one-sLxth of the animals have been discarded 
because of small Hja volumes. This includes animals who died before the first 
bleeding volume measurement could be made. A total of 4 animals in addition 
(about 1 per cent) have been e.xcluded because the first bleeding record suggested 
that the terminal plateau had been invaded by 6 cc./kgm. or more in lowering 
pressure to 60 mm. In 3 of these animals aberrant low U 2 .H 1 ratios were ob- 
tained. Lesser in%'asion of the terminal plateau appears from the records to 
have occuiTcd in a number of instances without significantly affecting the 
value ofHsiHj. 

Discussion. These data show that control measurement-s of bleeding volume 
may be made under certain conditions without producing unpredictable per- 
si.stent changes in tlie value of a subsequent mea.surement. The factors which 
govern resistance to fatal hemorrhage thus appear to be susceptible to laboratorj 
investigation, since the change in resistance under a given .set of conditions 
may be studied in a single animal. 
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The primary purpose in these studies was not the measurement of absolute 
values for bleeding volume in normal animals. Such a purpose would have been 
defeated by the use of anesthesia and by the use of a preparatory'- fixed-volume 
bleeding vdth undetermined amounts of cardiovascular damage. The studies 
were designed to find conditions under which the change in bleeding volume 
between the first and the second measurement is a function of the circulating 
fluid replacement made at the end of the first. The data given here do not prove 
that these conditions have been found, since they test onh'- the two extremes 
of replacement, no infusion and infusion of all the blood drarni for the first 
measurement. Data are given elsewhere (Lawson and Rehm, loc. cit.) which 
show that the amount of change in bleeding volume between first and second 
measurement depends upon the type of fluid given in replacement. 

Economy of expression in subsequent discussions of bleeding volume may^ 
be served by use of the following symbols: 

Hi = Control bleeding volume. It is measured at a stated, controlled rate of bleeding, 
in animals prepared under standard conditions. It is obtained by drawing blood 
to a stated level of circulatory impairment (in these studies a level of arterial 
pressure near the beginning of the terminal plateau) and is equal to the sum of 
the actual volume drawn in reaching this end-point (Hin) plus the residual 
volume (Hu). The residual volume is obtained from control animals by con- 
tinuing the first bleeding past the stated end-point to death. In the studies 
reported here for the value of Hi«, an attempt has been made to obtain a fair 
sample of the animals to be used, with respect to size, sex, and Hu values. Sea- 
sonal and nutritional influences on the value of Hu have not been studied. 

R = Fluid given after Hu has been drawn. 

Hj = Second bleeding volume. Unless otherwise stated, it is always measured by draw- 
ing blood at the rate used for Hi measurement, and is continued without interrup- 
tion to the death of the animal. If it is to be estimated from a partial bleeding 
volume, as in the case of Hj, studies wdll have to be made on the reliability of 
end-point. 

Hi-Hi Interval = The interval between arrival at the end-point for Hi measurement 
(in these studies R was infused at this time), and the beginning of Ho measure- 
ment. 

It is not surprising that bleeding volume declines during the period of observa- 
tion in these studies mth all the rates of bleeding used, so that Ho : Hi is almost 
always less than 1, even when R is the blood di-aivn for Hio measurement. The 
animals had been kept -without food and water for 18 to 24 hours, were under 
barbital anesthesia, and had been subjected to a preparatory”^ hemorrhage of 20 
cc./kgm. before beginning the studies. Damage to the cardiovascular sy-stem 
which Avould result in irretrievable fluid loss or to impairment of vital organs 
might be expected to occur under these conditions, and to result in progressive 
decline in bleeding volume even though the partial exsanguination required for 
Hi measurement did not in itself do any irreversible damage. That the measured 
decline is in some way related to the rate of bleeding used in the determinations 
seems clear from the data. Whether this means that more irreversible, damage 
is done by”- the slower hemorrhages Avhen they”- are used for drawing Hia, as it 
might appear to mean, cannot be decided without further study^. It may”- mean 
only that different mechanisms control the volumes obtained with slow and 
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with fast bleeding, and that the rate of deterioration of these mechanisms 
is not identical. 

The 2 cc./kgm./3 min. rate of bleeding has been selected on the basis of these 
data for use in the studies on blood substitutes. It is a convenient rate to use. 
The mechanisms which govern the volume obtained udth it appear to undergo 
fairly rapid deterioration under these experimental conditions, since Ha is only 
about 70 per cent of Hi after an Hi-Ho inteiwal of 4 hours, when R is the blood 
dravTi for Hio measurement. The rate of deterioration appears to be relativel}’’ 
constant for all animals. Low values for Ha, vith average Ha: Hi ratios ap- 
proaching 0, are obtained if R is 0. 


SUMMARY 

Procedures are described which permit bleeding volume, i.e., the volume Avith- 
drawal at controlled rates required to produce death, to be measured Avith usable 
accuracy AAithout actually killing the animal. The residual volume, AA'hich 
is not draAATi on the first measurement, is estimated AAdth increasing accuracy 
as the rate of bleeding is reduced from 2 cc./kgm./2 min. to 2 cc,/kgm./4 min. 
Second bleeding A’’olumes, measured 4 hours after replacing the blood draAv-n 
on the first test, and obtained bj’' AAdthdraAAing blood at the same rate until the 
animal dies, AA'ere almost always somewhat lower than the controls under the 
experimental conditions described. Second bleeding volumes Avere in the 
neighborhood of 90 per cent of the controls Avhen the 2 cc./kgm./2 min. rate 
was used, and in the neighborhood of 70 per cent Avhen the 2 cc./kgm./3 min. 
rate aa'ss used. "WTien the blood draAAm for the control measurements was not 
replaced, second volumes 4 hours later were never significantly larger than 
the residual volumes estimated at the termination of the control tests, and 
AA-ere usually considerably smaller, AAdth aA’^erage values approaching 0. 
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Procedures have been described which permit ' bleeding volume, i.e., the 
volume of blood withdrawal required at controlled rates to produce death, to 
be measured twice in the same animal; and conditions have been found which 
yield relatively lotv second volumes w-hen the blood drawm for the first test is not 
replaced (Law'son, 1943). An empirical comparison of blood substitutes may 
be made by substituting the fluid under investigation for the blood drawm in 
the first measurement, and comparing the H 2 :Hi ratios obtained. 

The procedures selected for these studies 3 ield second bleeding volumes 
somew'hat low^er than the controls at the end of 4 hours, if the blood drawm 
during the first test is heparinized and reinjected. The obvious conclusion 
has been dra^vn that some mechanism or mechanisms -which govern resistance 
to fatal hemorrhage undergo deterioration under the conditions of the experi- 
ments. The Ha’. Hi ratios obtained w'hen R (fluid replacement at end of blood 
•withdra-wal for first test) is some fluid other than blood cannot be used with 
assurance to sho-v\" the influence of the substitute fluid on these same mechanisms. 
Bleeding volume is an empirical value -which is probabty influenced hy a large 


number of physiological variables. 


Thus, if a foreign fluid yields higher 


Hi 


ratios than are obtained -when R is the blood dra-s\m, it cannot be concluded 
that the fluid is actually superior to blood in its direct effect on all the mecha- 
nisms -v\Lich govern bleeding volume. The rate of deterioration of some of 
these may actually be greater -when the substitute is used. Similar difficulties 
of interpretation are encountered if other empirical values, such as mortality 
rates, are measured after limited inten'^als of time. These difficulties are not 
ob-vdated by measuring conventional values, such as blood volume, cardiac 
output, or circulatoi-y pressures, since none of them can be regarded as testing 
an isolated mechanism. 


Ho 

The information obtained b\'' comparing the ratios appears to pro\dde 

Hi 

as legitimate a comparison of blood substitutes as could be obtained b}’" subject- 
ing animals to hemorrhage -^vhich would be expected to cause death, injecting 
the fluid under investigation, and determining the percentage of the group which 
is still alive at the end of a fe'n’^ hours (UTj Greengard, Stein, Grodins and 
Dutton, .1943; Wiggers, 1943). Since a measured value is obtained for each 
animal, statisticallj’^ refiable data are obtained with fe-v\'er animals than in 


1 Aided by a grant from the Knox Gelatine Company, Johnstown, N. Y. 
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survival rate studies which detei-mine only whether an animal is ahve or dead 
at the end of a fixed time inten^al. Furthermore, if the fluids are to be given 
to subjects who lose circulating fluid after the injection those fluids which jfleld 
the larger bleeding vohunes in these tests might reasonably be expected to 
support life longer than those which jdeld small bleeding volumes. This would 
not necessarih^ be true if, under conditions of clinical use, t 3 "pes of circulaton’- 
damage are encountered which are aggravated bj’’ the fluids, and which are not 
produced in the animals used for the tests. In these studies any simulation 
of clinical states in which blood substitutes might be emplo 3 ^ed is incidental. 

Methods. The procedure alread 3 ’' described in detail (Lawson, loc. cit.) 
was carried out on barbitalized dogs n-ithout modification except that the 
fluid under investigation was substituted for autotransfused blood in the replace- 
ment (R) folloAving the first bleeding volume measurement. The volume of R 
was alwa 3 ’’s equal to the volume of blood actuall 3 ’ drawn during the fiist measure- 
ment (Hio). Blood nathdrawal for both Hi and Ho determination was done 
at the rate of 2 cc./kgm./3 min. On Hi detennination actual blood withdrawal 
was discontinued as soon as ai'terial pressure fell below 60 mm. Hg. The 
residual bleeding volume at this time (HiO was taken from the pre\aousl 3 ’’ re- 
ported control studies as 18.18 cc./kgm., and Hi was computed as the sura of 
Hio and Hi,. The Hi-Hj interval Avas approximately 4 hours. Measurement of 
Hs Avas made b 3 ’’ bleeding the animal actuall 3 ' to death. 

The blood, plasma and serum used in these studies AA^ere obtained by bleeding 
donor dogs to death under barbital anesthesia, pooling the freshly dranui blood 
from 5 to 8 donors before further processing. These fluids AA’ere chilled as 
soon as possible (semm and defibrinated blood as soon as clotting AA'as complete) 
and refrigerated until used. They AA'ere used Avithin 8 hours after obtaining 
the blood from the donors. 

The two gelatins selected for stud3’^ are oppositely charged colloids at the 
pH of blood.- Gelatin VH-54 is prepared from pork .skin, and has an isoelectric 
point in the neighborhood of pH 8. A ph3^sicall3’^ similar pork skin gelatin 
AA'as .studied b3' Hy et al. (loc. cit.) under the designation U-17578. Gelatin 
B-78-1 is prepared from beef bone, and has an isoelectric point near pH 5. Its 
use as a blood substitute has been studied by Parkins and LockAvood, 1943; 
Little and Wells, 1943, and Little and Dameron, 1943. A similar gelatin Avas 
used in the preliminar3’' studies of Gordon, Hoge and LaAA'son, 1942. The gelatins 
Avere dissoRed in 0.9^ per cent RaCl to a concentration of 3.45 per cent for 
B-78-1 and a concentration of 4.85 per cent for WT54, and pH AA*as adju-sted to 
7.0-7.3 bv addition of N/lO NaOH. At these concentrations the solutions had 
a colloidal osmotic pressure of 22.5 mm. Hg, Avhich Avas appro.ximatelA' the 
same as that of the hematogenous fluids used in the study. Colloidal osmotic 
pressures Avere measured at 37°C. by a modification of the method described 
by Hepp (1936), using tight membranes AAith an average permeability equal 
to 11.2 X 10~= in the units recommended b3' Rells (1932). 

Results. The data obtained are summarized in table 1, Avhich also includes, 

- .vl! supplies of pclatin were furnished by the Knox Gc-lntinc Compriny, .Johnstown, S.\. 
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TABLE 1 

^ X 100 with different types of replacement fluid 


Hi-Ho interval 4 hours. Values given are the means, with their standard deviations 
(S.D.) and standard errors (S.E.) . See text for explanation of symbols in headings. 


REPLACCirCNT FLUID (R) VOL. = VOL. Hla 

XtniBER OF 
AKBIAES 

Hla 

Hi. 

Hj 

1 X 100 

' 0 

10 

cc./kgm. 

22.8 


cc./kgm. 

7.2 

19.6 

S.D 

S.44 

3.67. 

■1 

8.33 

3.60 

21.36 

6.73 

S.E 


1 

Autotransfused blood 

s 

17.75 

18.18 

26.25 

73.6 

S.D 

3.77 

1.43 


5.36 

1.99 

13.82 

5.23 

S.E 


0.9% NaCl 

10 

21.6 

18.18 

14.8 

37.6 

S.D 

4.S1 

1.53 


7.73 

2.44 

18.07 

5.69 

S.E 


Heparinized blood 

10 1 

20.6 

18.18 

1 

27.2 

70.7 

S.D 

4.31 

l.SS 

1 

5.09 

1.58 

13.57 

4 .SO 

S.E 

i 

Defibrinated blood 

1 

^ 1 

21.0 

18.18 

24.8 

62.8 

S.D 

5.33 

1.85 


7.34 

3.56 

14.66 

5.18 

S.E 


Heparinized plasma 

10 

19.4 

18.18 

25.8 

68.1 

S.D 

4.52 

1.43 


5.99 

1.90 

9.87 

3.12 

S.E 


Serum 

9 

16.4 

18.18 

24.4 

70.5 

S.D 

7.06 

2.49 

1 

6.98 

2.47 

16.28 

5.75 

S.E 


Gelatin VII-54, 4.85% 1 

8 

23.0 

18.18 

1 

25.3 

60.5 

S.D 

8.48 

3.00 


9.55 

3.38 


S.E 


Gelatin B-78-1, 3.45% 

7 

16.3 

18.18 

21.1 

61.1 

S.D 

3.14 

1.18 


3.80 

1.43 

7.84 

2.96 

S.E 


1 1 


foi’ comparison, pre'V’iously reported data obtained when R is the blood dravm 
for Hia measurement, and when R is 0 (no infusion). 
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Tile probability that random sampling variations account for the differences 

obtained when R is 0.9 per cent NaCl and when R is 0 is approximate!}' 

0.06; The probability that the obsen'ed differences between 0.9 per cent NaCl 
and the remaining fluids are due to variation.s of this sort is in ever}' case less 
than 0.02 (Fisher, 1941). Attempts were made to obtain fair samples by 
avoiding any selection of animals within the limits previously described, the 
animals being used in whatever studies w'ere in progress as they were delivered 
to the laboratory. The possibility of seasonal variations in the value of Hje 
has been suggested by more recent observations, and has not been fully ex- 
plored. All the comparative data reported here were obtained vithin a single 
season, and determination of Hie was done concurrently. 

xvo statistically significant differences are observed in the table among the 
various colloidal solutions employed. The suggestively low values obtained 
with defibrinated blood require further study in \iew of the possibility that 
partially hemolyzed blood may be inferior as an infusion fluid (DeGowin, 1942). 

Temporar}' depressor effects W'ere usually obtained with pooled blood, plasma, 
and serum, but not with autotransfused blood. Neither the data of the table, 
nor examination of individual responses reveals any correlation between these 
H 

effects and the ^ ratios obtained. 

Hi 


Although the two gelatin solutions }ield about the same mean value, much 

u 

loAver values for ~ were obtained in some of the animals receiving VII-o4 than 
-til 

W'ere ever observed with B-78-1 (see s.d. in table). Whether this means that 
VII-54 has positive harmful effects in occasional animals, or simply that it 
fails to be retained as circulating colloid, cannot be decided without further 
study. The differences shown in the table between the gelatin solutions on the 
one hand and heparinized blood, plasma, and serum, on the other, are in general 
agreement with comparative data which have been obtained on one of them 
(VII-54) in the treatment of animals subjected to single massive hemorrhage, 
using 24-hour survival rates as an index to adequacy of blood substitution 
(I'V'}' et ah, loc. cit.). 


T/ie relationship helween ■— and the volume of Hu. It lias already been shown 

Hi 

that the magnitude of the ratio (i.e., the rate of decline in bleeding volume 
during the 4-hour Hi-H; interval) is not related to the control bleeding volume, 
if the latter is such that Hi„ is 12 cc./kgra. or greater, in experiments in winch R 
is the animahs own blood (Lawson, loc. cit.). It cannot be assumed, howcv'cr, 
that this will also be true when R is a foreign fluid. The volume of fluid which 
each animal received is always, in the studies reported here, equal to the volume 
of Hi«. If the fluids given are to.xie in the customar}' sense, the animals with the 
larger Hu volumes and who receive correspondingly larger volumes of the fluids 

might be expected to yield the lower ratios. These relation.ships are examined 
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in figure 1 for the two gelatin solutions and for defibrinated blood, wliich might 
be regarded as most hkelj’-, of all the fluids studied, to possess some sort of 
harmful effect. The figure fails to show an 3 '- relationship between the volume 


of Hia, 


I 

and therefore the volume of R, and 


Hx- 


Similar data have been ob- 


tained for the other fluids studied. 

These data are not presented to show that harmful effects are absent, but 
simply that vithin the ver^'' limited dosage range covered b 3 ’' variations in the 
volume of R when the latter is made equal always to Hio, the effects do not 


’ H 

appear to influence the value of = 5 ^ . 

ill 


Comparisons such as those given in table 1 


100 

■ 

i • 1 < 1 < 

• 


-r—i — 1 — -r 1111 

■ 

90 

- 



X 

■ 

60 

■ 




- 

70 

. 

• 

•X 


- 



0 

0 







X 


60 

- 



X 

• 

o 






o 



•0 



X 50 

. 

• 



. 

If 




0 








40 

• 


Jf 


' 

30 

■ 



0 

- 

20 

• 



K OtFiB. BLOOO 

- 

10 

. 



• 870-1 

- 





0 Vll-54 


0 

• 
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« « - « ‘ 
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- 


6 ' 4 8 ik 16 ’ 20 ' 24 ’ 20 ’ 32 ' 36 40 

VOLUME R.Hia CC/KG 


Fig. 1. Relationship between — " and the volume of R when R is equal to Hm, in experi- 

Hi 

ments on defibrinated blood (pooled), gelatin VII-54, 4.85 per cent in 0.9 per cent NaCl, and 
gelatin B-78-1, 3.45 per cent in 0.9 per cent NaCl. 


are therefore vahd, for all the fluids studied, even though identity of Hi a is not 
obtained vdth these small groups of animals. 

The 3 animals shovm in figure 1 whose Hia volumes were less than 12 cc./kgm. 

demonstrate the vide variations in ^ obtained when such animals are used. 

Hi 

which were discussed in the j^re^ious report. Animals of this sort are not 
included in an 3 ’' other summaries of data in this report. 

The value of various grades of gelatin. A series of increasingly degraded 
gelatins was prepared from a single high average mol. wt. gelatin, b 3 ’' exposing 
stock solutions of the latter to temperatures of 115.5°C. (10 lbs. autoclave 
pressure) for increasing lengths of time up to 3 hours. The stock solutions 
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■n ere made from gelatin B-78-1, or from a duplicate manufacturer’s batch. pH 
was adjusted to 7.4 before autoclaxnng, the pH range of the solutions after 
autocla\Tng being 6.9 to 7.3. 

The data on this series are summarized in figure 2, in which the gelatin con- 
centration of the prepared solutions was adjusted to 3.45 gram.s/100 cc. before 
use. It is apparent from the figure that complex changes occur in the value 



Kg. 2 Fig. 3 

Fig. 2. The effect of heat treatment (115.5°C.) on the value of 3.45 per cent solutions of 

H- 

gelatin B-7S-1 in 0.9 per cent NaCl, as shown from the values obtained for — ' when R. is the 

Hi 


heat treated solution. Mean values for the animals receiving a solution are given by the 
large hollo%v circles, and are connected to facilitate reading the figure. Small hollow circles 
on the lower curve give colloidal osmotic pressure (at right) in millimeters of mercury. 

Fig. 3. Same as figure 2 except that the concentration of all solution.? was adjusted to 
give colloidal osmotic pressure = 33.5 mm. Hg. The gelatin concentration of the solutions, 
in grams/100 cc., is given at the top of the figure. The group of animals receiving the 
SO-minute solution is the same as in figure 2. 


of gelatin, as measured bt' its effect on bleeding volume, when the high molecular 
weight gelatin is subjected to degradation. 

The possibility that some of these changes in value are due to the fact that 
colloidal osmotic pressure increases progressively in the series (see fig. 2) wa.s 
investigated by repeating the study ^^^th solutions whose gelatin concentration 
had been adjusted to iso-osmolarity; 33.5 mm. Hg was chosen as the level of 
colloidal osmotic pressure to be nsed for this purpose, .since the scatter in the 
data appeared to be least at this level (fig. 2), Data on the iso-osmolar series 
are summarized in figure 3, which also .shows the concentration, in grams/100 cc., 
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of each solution. None of the characteristics of the fii’st series appears to 
have been significantly altered by adjustment of concentration to this level of 
colloidal osmotic pressure. 

Discussion. The data given here supplement those given in the pre\dous 
report by shovdng that the change in bleeding volume under these experimental 
conditions is a function of the nature of the replacement fluid R. The second 
bleeding volume is e^ddently not simply a measure of the volume of water wliich 
has been given to the animal after the first measurement. The significant 


H 

differences in ^ when R is a colloidal solution and when it is ciystalloidal 
Hi 


(NaCl) warrant the tentative conclusion that colloid is a limiting factor for 
bleeding volume in animals bled to these levels and given replacement fluids. 

Comparison of the data obtained vdth cell-free and with cellular fluids prepared 
from blood suggests that the blood cells are not a limiting factor in animals who 
have lost blood in these volumes (20 cc./kgm. on preparatorj’- bleeding, plus the 
volume of Hia). Studies which are now in progress suggest that they may 
become a factor if the end-point for the first measurement is lowered. 

That the type of colloid used is important for the second bleeding volume is 
shown by comparing the data on the hematogenous fluids vdth the data on 
gelatin, and bj’' examination of the values obtained with different grades of 
gelatin in iso-osmolar solution. The low values obtained vdth the more fully 
degraded gelatins may be due to their diffusibility. The reason for the other 
changes in value in the degraded series is obscure. 

These studies fail to reveal any difference in the effectiveness of plasma and 
serum such as has been reported when' they are used to maintain life for 24 
hours in animals subjected to single rapid hemorrhage (Ty et ah, loc. cit.). 
On the basis of the information available, it is not possible to decide whether 
real differences exist which do not reveal themselves ndthin the 4-hour period 
of our studies, or vdiether the reported differences were due to methods of 
preparation of the fluids. 


SUMIMARY 

The change in bleeding volume under conditions which have been described 
previous!}'’ has been use'd for comparing certain fluids as blood substitutes. 

Ho 

Comparisons were made on the basis of the " ratios obtained when these 

Hi 

fluids were used to replace the blood dravm on the first bleeding volume determi- 
nation. The mean percentage ratios obtained in groups of 7-10 animals, vdth 
their standard errors, were: No fluid, 19.6 ± 6.72; autotransfused blood, 
73.6 ± 5.23; pooled heparinized blood, 70.7 ± 4.30; pooled heparinized plasma, 

68.1 db 3.12; pooled defibrinated blood, 62.8 ± 5.18; pooled serum, 70.5 rfc 5.75; 
0.9 per cent NaCl, 37.6 ± 5.69; 4.85 per cent pork skin gelatin in 0.9 per cent 
NaCl, 60.5 ± 5.67; 3.45 per cent beef-bone gelatin in 0.9 per cent NaCl, 

61.1 ± 2.96. 

The value of the bone gelatin undergoes complex changes with heat-degrada- 
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tion at a temperature of 115.5°C., which are observed both when fixed con- 
centrations are used and when the solutions are adjusted to iso-osmolarity. 
Peak values were obtained with the partially degraded materials. 

It is concluded that bleeding volume under these experimental conditions 
is a function of the amoimt and type of colloid in the replacement fluid, and that 
the cellular content of the replacement fluid is not a limiting factor. 
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In contrast to the extensive work on the r61e of sodium chloride in the patho- 
genesis and treatment of heat cramps (1), the relationship of the NaCl intake 
to heat exhaustion and cardiovascular function of men working in heat has re- 
ceived only incidental attention (2, 3). This communication null deal with the 
effects of work in the heat on cardiovascular and related functions and the in- 
cidence of heat exhaustion. Thirty-four normal young men lived and worked 
at high temperatures under rigidly controlled conditions on three different levels 
of NaCl intake. Reference will also be made to 15 additional subjects who were 
studied during 92 subject days. The vailables measured were pulse rates in 
rest and work, rectal temperature, rate of sweating, cardiovascular postural 
adjustment tests, the concentration of chloride in sweat, plasma and m-ine, 
blood urea nitrogen and in some cases the refractive index increment of the 
plasma. ^ 

Methods and materials. Details of the regimen under which the subjects 
ate, slept and worked in a controlled temperature suite have been given in a 
previous report (4) . In brief, control observations were obtained when the dry 
bulb temperature was 80°F. and the wet bulb 65°F. Hot conditions were repre- 
sented by a dry bulb temperature of 120°F. and wet bulb 85°F. Night con- 
ditions, 6 p.m. to 8 a.m., during the hot period Avere 85° to 95°F. dry bulb, 65° 
to 75°F. wet bulb. Approximateh’- an hour and a half was required for a com- 
plete change in temperature. In all experiments, Avork consisted of walking on a 
motor drh’^en treadmill at 3.25 miles per hour at 7.5 per cent grade for 6 ten- 
minute periods alternating AAuth 10 minute I'est periods for each half day. 
“Work” pulse rates AA'ere obtained b 5 '’ counting the pulse for the first 15 seconds 
after each Avork period. Rectal temperatures Avere taken each half day at the 
end of the third and sixth AA'ork periods. Rate of sweating Avas measured OA'^er 
the third period in the morning and the sixth period in the afternoon. Subjects 
AA'ere Aveighed nude and dry to ±7 grains. Modified Crampton (4, 5) blood 
ptosis tests AA'ere carried out before breakfast and 20 minutes after the end of 
Avork in the afternoon. In all experiments records were kept of AA'ater and fluids 

* The work described in this paper was done in part under a contract, recommended bj' 
the Committee on^Icdical Research, between the Office of Scientific Research and DcA'elop- 
mont and the UniA'ersity of Minnesota. Important financial assistance was also proA'ided 
bj' the Nutrition Foundation, Inc., by Swift and Co., Chicago, by the National Sugar 
Refiners’ Association, N. Y., ly the National Confectioners’ Association, Chicago, and by 
the Corn Products Research Foundation, N. Y. 
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consumed and 24-liour urine samples were collected each day. Body weights, 
Y-ith an empty bladder, were obtained and venous blood was drawn each morn- 
ing before breakfast. Electrocardiogi-ams vrere taken on subjects who were on 
the low NaCl intake during the control period, at the end of the experiment and 
on all subjects who had marked heat exhaustion, .^m-plus-hand sweat was 
collected in shoulder-length “neoprene” gauntlets during the second and third 
work periods each morning and afternoon. 

Three series of experiments were carried out. The subjects in series I were 
22 soldiers of the /10th M.P. Battalion. Ten of these men were studied on a 
low NaCl intake (5.8 rt 2 gi’ams) and 12 were studied on a moderate (14.7 
± 2 grams) intake. The duration of the hot period "was 3^- days preceded by a 
control period of 24 hours. In series II, six hired male students of the Uni- 
versity were studied during 2 hot periods of 2 da 3 ^s each 3 weeks apart. In each 
period half of the men were on the low and half on the moderate NaCl regimen, 
the order being reversed in the second experiment. In this way each subject 
serv'ed as his omi control. Series III was similar except 6 Univ'ersitj' subjects 
alternated on the high (30 ± 2 grams) and the moderate NaCl intake.?. Each 
hot period in series II and III was preceded b^’ a 2-day control period. 

All subjects received a standard diet which contained, b}’' dailjmnab^sis, 5,8 ±2 
grams of NaCl. Tliis diet supplied 3100 calories and was adequate, according 
to ordinarj' standards, in protein and vitamins. Tlie moderate and high NaCI 
intakes were achieved by giving in addition 8 and 24 grams of NaCl j-espectiveb' 
■with the meals. Water was allowed ad lib. except during actuSH obseiantions 
and work on the treadmill. 

Chlorides were estimated bj* the mercurimetric titration of Cavett and Hold- 
ridge (6) and the method of Ke 3 ''S (7). Food and urine were ashed before anal- 
j'sis. Sweat was analj'zed directly. The concentration of plasma chlorides 
was determined on plasma separated from oxx'genated blood. Urea analj'^ses 
were carried out by a modified FoIin'>Svedburg method. Total solids (8) of the 
plasma were estimated vith a Pulfrich dipping refractometer in a constant tem- 
perature water bath at 30°C, 

The statistical significance of differences between means of ph 3 -sioIogicaI data 
was evaluated b 3 " means of the t-value (9). 

Results in work. The average work pulse rates and rectal temperatures for 
series I are given in table 1. Statistically significant differences between the 
two groups for work pulse rates demonstrated a definite advantage for the sub- 
jects on the moderate NaCI intake. The rectal temperature differences, although 
not statistically significant, favor the moderate NaCl group. Results of series 
II are given in table 2A. The average results show the same ad\ antage foi sub- 
jects on the moderate NaCl intake. 

The results of series III are given in table 2B. No .significant differences were 
found between the work pulse or rectal temperature of six subjects con.suming 
15 grams of NaCl and the .same men consuming 30 grams of NaCl a da 3 L 

Cardiovascular results in rest. The average values for pulse rates and blood 
pressures before and after elevation on the tilt table morning and c%ening are 
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given in table 3 along with the average Crampton scores. This table does not 
include those men who failed to complete the day’s work or who fainted before 
observations could be completed. Differences in the pulse rates of the two 
groups (subject tilted) appeared on the afternoon of the first day in the heat. 
This difference became significant on the second afternoon and was still apparent 
on the third afternoon. The only significant difference in the blood pressures 
appeared on the afternoon of the second da}”- in the heat (subject tilted). 

The moderate NaCl group showed an advantage over the low NaCl group b}”" 
making a statisticallj’- significant improvement in Crampton score between the 
afternoon of the first day and the afternoon of the second day of the hot period; 
while, in contrast, the low NaCl group failed to show any improvement. The 

TABLE 1 

The average work pulse rates and rectal temperalurcs for 10 men on the low sodunn chloride 
(_6 2 grams) intake and for 12 men on the moderate sodium chloride {16 ± 2 grams) 

with the t values of the differences between groups 
The 1 per cent level of significance is 2.84 


DAYS or HOT PERIOD 



CONTROL 

! 

1 


2 


3 

4 



a.m. 

p.m. 

a.m. 

p.m. 

a.m. 

p.m. 

a.m. 

Work pulse rates 
Low NaCl. . . . 

131 

158 

174 

159 

165 

157 

CO 

154 

Moderate 
NaCl 

133 

148 

157 

144 

148 

139 

143 

130 

A 

2 

-10 

-17 

-15 

-17 ! 

-18 

-15 

-24 

t value 


1.69 

2.99' 

1 

3.04 

4.00 

i 

3.64 

3.80 

4.55 

Rectal tempera- 
ture 

Low NaCl. . . . 

100.6 ’ 

100.5 

1 

101.2 

101.1 

! 

101.5 

101.3 

101.6 

100.9 

Moderate 
NaCl 

100.3 

100.7 

101.2 

100.7 

101.1 

100.7 

101.1 

100.3 

A 

-0.3 

-4-0.2 

0 

-0.4 

-0.4 

-0.6 

-0.5 

-0.6 

t value 





0.398 

0.659 

0.413 



significance of differences between the means is given in terms of the t- value in 
table 4. 

Water halance. The water consumption, bodj'^ weights, urine volumes, total 
24-hour sweat volumes and rate of sweating during work are presented in table 
5 for the two groups in series I. The men on the low NaCl intake lost more than 
tvfice as much weight, drank less water and sweated le.ss than those on the mod- 
erate chloride intake. The two groups produced sweat at approximately the 
same rate on the first day. However, the low NaCl group failed to drink an 
adequate amount of water and ended the firat 24 hours with a debj^'dration of 
2.5 per cent of the body weight as compared to only 0.77 per cent body weight 
loss for the moderate chloride group. This was associated ^vith a marked net 
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loss of NaCI (-8.39 grams) in the low iSTaCl group (see below) and only a slight 
net los^ (0.63 grams) for the moderate group. The failure of the thirst mech- 
anism in the lo^^ NaCl group to demand adequate water is in agreement uith 
other observations (10, 11). 

On the second and third days the rate of sweating and the 24-hour sweat pro- 
duction fell off markedh'’ in the low IVaCl gi'oup and showed no significant change 


TABLE 2A 

Average pulse rates and rectal temperatures for 6 men in series II studied in two periods 
of two days each in the heat while on low and moderate NaCl intakes 


1 

CONTROI, 

! 

DAYS OF HOT PERIOD 

1 

2 

a.m. 

p.m. 

aJH. 

p.m» 

Work pulse rates 


nn 




Lo^v NaCl (6 ± 2 grams) 

114 



143 

154 

Moderate NaCl (15 ± 2 grams) 

119 


148 

132 

141 

A 

^ 4-5 

1 

0 

-3 

-11 

-13 

Rectal temperatures 

j 





Low NaCl (6-^-2 grams) 


■ESI 

lE^I 

100.8 

101.2 

Moderate NaCl (15 ± 2 grams) 



■Biil 

100.1 

100.6 

A 

Bn 

-0.1 

-O.I 

-o.r 

-0.6 


TABLE 2B 


Average pulse rates and rectal temperatures for 6 men in scries III studied in two periods 
of two days each in the heat while on moderate and high NaCl intakes 





DAYS OF HOT PERIOD 



CON-TROD 


1 


2 



a.in. 

p.m. 

aan. 

pan. 

Work pulse rate 


BB 




Moderate NaCl (15 ± 2 grams) 

107 



134 

143 

High NaCl (30 ± 2 grams) 

103 


147 

132 i 

139 


-4 

0 

-1 

-2 

—4 

Rectal temperature 



101.2 

100.5 

1 

100.9 

Moderate NaCl (15 db 2 grams) 

100.1 


High NaCl (30 i 2 grams) 

1 99.8 


msm 

100.3 

100.7 


1 -0.3 

-0.3 

0.0 j 

-0.2 

—0.2 


in the moderate NaCi group. Tire reduction in the total sweat volume of the 
low KaCI group is accounted for by reduced sweat loss during vork. 

XaCl metabolism. Table G gives the estimated XaCI balancc.s of the two 
groups in scries I. The following assumptions were made in preparing this 
table: 1, the difference between the XaCl intake and XaCl loss in the urine ap- 
peared in the sweat; 2, the changes in body weight reprc-^ented a loss or gain o a 
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TABLE 3 

The average systolic blood -pressures and pulse rates before and after elevation on a tilt table and 
the average modified Crampton scores of 10 men on the low {6 zh 8 grams) NaCl regimen 
compared with 12 men on the moderate {16 ± 2 grams) NaCl regimen before and during a 
S-n day exposure to dry heat 

A.M. values were obtained before breakfast and p.m. values 20 minutes after the 

last work period in the afternoon 


DAY 

TIME 

DIET 

i NO. OF MEN 

BLOOD PRESSURE 

PULSE RATE 

CRAMPTON 

SCORE 

Before 

After 

Before 

After 

Control 

p.m. 

Low 

10 

■9 

115 

73 

96 

56 



Moderate 

12 

19 

112 

77 

96 

60 





+3 

+3 

-4 

0 

-4 


a.m. 

Low 

10 

120 

118 

63 

87 

63 



Moderate 

12 

122 

1 

117 

77 

83 

66 





-2 

+1 

-14 

+4 

-3 

I (hot) 

p.m. 

Low 

7 

19 

99 

98 

128 

41 


1 

Moderate 

12 

19 

100 

94 

118 

46 





+4 

-1 

+4 

+10 

-5 


a.m. 

Low 

10 

119 

109 

68 

93 

53 


1 

Moderate 

12 

121 

111 

73 

91 

61 





-2 

-2 

+5 

+2 

-8 

II 

p.m. 

Low 

9 

115 

102 

96 

131 

44 



Moderate 

11 


113 

90 

108 

61 





-5 

i 

-11 

+6 

+23 

-17 


a.m. 

Low 

10 

123 

112 

66 

96 

45 



Moderate 

11 

118 

109 

70 

90 

62 


1 



— 

— 

— 

— 

— 


1 



+5 

+3 

-4 

+6 

-17 

III 

p.m. 

Low 

6 

120 

no 

89 

121 

46 



Moderate 

11 

119 

109 

1 82 

113 

56 





— 

— 


— 

— 





+1 

+1 

+7 

+8 

-10 

IV 

a.m. 

Low 

10 

121 

109 

66 

88 

54 



Moderate 

11 

114 

113 

69 

91 

66 





— 

— 

— 

— 

— 





+7 

-4 

-3 

-3 

-12 


NaCl solution of equal weight whose NaCl concenti’ation was equivalent to the 
NaCl concentration measured in the plasma. This second assumption that all 
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TABLE 4 

Analysis of the results of the -postural adjustment tests in terms of the Uvahte 


VAIJIABLE 

TDES OR COMJmOXS COMPARED 

DEGREES OF 
FREEDOiC 

t VALITE 
CAt-OTLATED 

t VALGE AT 

5 PER CENT 
EEVEL OF 
SIG?nFIC.4NCE 

Blood pressure 
subject tilted 

2nd p.m. hot period “Low” vs. 
“Mod.” chloride 

18 

2.27 

2.10 

Pulse rate subject 
tilted 

2nd p.m. hot period “Low” vs. 

1 “Mod.” chloride 

18 

5.34 

2.10 

Crampton score 

“Low” chloride group 1st p.m. 
vs. 2nd p.m. of hot period 

8 

0.33 

i 2.31 

Crampton score 

“Mod.” chloride group 1st 
p.m. vs. 2nd p.m. of hot 
period 

10 

3.77 

2.26 


TABLE 5 

Average morning body weights, water consumption, urine volume, total Sj hour sweat 
volume and rale of sweating during work of the low chloride group and the moderate 

chloride group (series I) 





I DAYS OF EXPOSCEE ' 

TO HEAT 

variable 

XaCl iNTArx 

CONTROL 







1 

2 

3 

Average bodv weight* 

“Low” 

157.4 

153.4 

152.2 

151.8 

Per cent A from control 



2.5 

3.3 

3.6 

Average bodv weight* 

"Mod.” 

154.0 I 

152.8 

151.7 

152.6 

Per cent A from control 


1 

0.77 

1.5 

1.3 

Water intake (liters) 

“Low” 


4.82 

5.51 

5.61 


“Mod.” 


5.73 

6.27 

6.33 

Urine volume (liters) 

“Low” 


0.486 

0.687 

1 

0.070 

“Mod.” 


0.656 

0.G48 

0.491 

Total sweat volume (litcrs)t 

“Low” 


6.44 

0.12 

5.87 

“Mod.” 


6.37 

6.87 

6.27 

Rate of sweating in work (gms. per 



14. 5 

11.6 

12.0 

10.7 

11.1 

10.4 

minute) 

“Low” 

a.m. 

p.m. 


“Mod.” 

a.m. 

14.4 

14.7 

15.8 



p.m. 

14.7 

15.0 

15.0 


* Values for body weight represent values v/ith an empty bladder before breakfast after 
completion of specified number of days’ exposure to heat. Bodj weights expressed in 


t Sweat loss equals water drunk plus water in food plus water metabolism minus the 
sum of urine water plus fecal water plus water lost through the lungs, corrected for 24 
hour wcigl't change. 
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weight losses are from the extra-cellular fluid phase results in. maximal figures 
for the estimated 24-hour NaCl loss in sweat and from all sources. 

The estimated S-da}^ NaCl deficit for the low NaCl group was 12.71 grams as 
compared to only 2.84 grams for the moderate NaCl group . The evidence gained 
from series III appears to indicate that NaCl deficits of 2 to 3 grams have no 
appreciable effect on the abilitj’- of men to perform work in the heat. The low 
chloride group showed a marked conserx^ation of NaCl when compared to the 
moderate group, losing only 29.65 grams of salt in three days as compared to 
44.78 grams for the men on the higher NaCl intake. 

Results in blood and plasma. Table 7 gives the findings of the measured blood 
constituents in the two groups in series I. The total plasma solids as measured 
by the refractive index increased 15.2 per cent on the morning of the second da}^ 

TABLE 6 


The estimated NaCl balances of the low and moderate NaCl groups in series I (see text) 
All figures are average grams of NaCl per 24 hours, e.xcept weight change which is in 
kilograms. The numbers in the vertical column heads refer to days of hot period. 



LOwKaCI GROUP 

IIODERATE XaCI CROUP 

1 

2 

5 

1 j 

2 

3 

NaCl intake 

5.30 

5.84 

5.80 

15.45 

13.19 

13.20 

Urine NaCl 

3.60 

1.20 

0.45 

5.20 

2.95 

2.45 

Weight change (kgm.) 

-1.36 

-0.54 

-0.18 

-0.54 

-0.54 

-f0.14 

Equivalent NaCl loss* 1 

8.^9 

3.36 

1.04 

3.63 

3.15 

+0.84 

Sweat NaCl lossf 

10.09 

8.27 

6.04 

13.88 

13.39 

9.91 

Total NaCl loss? 1 

13.69 

9.47 

6.49 

! 16.08 

16.34 

12.36 

NaCl balance 

1 

-8.39 

-3.63 

-0.69 

1 -0.53 

-3.15 

+0.84 


* Calculated on the assumption that a gain or loss of weight is due to a gain or loss of 
extra-cellular fluid. The concentration of chloride in the extra-cellular fluid phase was 
calculated from plasma chloride concentration. 

t Sweat NaCl loss = NaCl intake — urine output ± the NaCl gain or loss equivalent to 
the weight change. 

i Total NaCl loss = sweat NaCl loss -f- urine NaCl loss. 

in the low NaCl gi’oup but there was later a tendency to return to normal in spite 
of progressively inci’easing dehydration. The slight decrease in the hemoglobin 
suggests blood destruction in the low NaCl group. The increase in blood urea 
nitrogen in the low NaCl group was accompanied b}’ a 12 per cent increase in 
daily urinary urea excretion; in contrast the moderate NaCl group showed a 35 
per cent reduction in urea eliminated in the urine. The significance of these 
findings is not clear. 

Siveat chlorides. Lehmann (12) has reported a linear relationsliip between 
rectal temperature and the concentration of chloride in the sweat. The present 
e.xperiments were not strictly comparable but thej^ offer small support to this 
thesis. Tlie average results on 12 men on the moderate NaCl intake (series I) 
show at best only a rough coiTelation: R = 0.655. The low NaCl gi'oup (series 
I) showed an inverse relationship: R = —0.790. 
















446 


TATLOR, HENSCHEL, MICKELSEN AND KEYS 


In the experiments reported here there was a marked decrease in the concen- 
tration of chloride in the sweat in all groups during the first days of exposure. 
The average concentration of chloride in the sweat on the morning of the fourth 
day in the heat vas 55 per cent and 38 per cent of the average concentration of 
chloride in the sweat on the morning of the first day in the moderate and low 
NaCl groups (of series I) respectively. 

Heat exhaustion. Seven of the 49 men who took part in these experiments 
suffered heat exhaustion of various grades. The symptoms and objective find- 
ings are presented in table 8. 

Three other cases are included from groups under substantially the same con- 
ditions but not reported here in detail. In all there were 39 men on the mod- 
erate NaCI regimen and of these only one suffered definite heat exhaustion and 

TABLE 7 


The concentration of hemoglobin and urea nitrogen in the blood, chlorides in -plasma and 
the refractive index increment of plasma of the low and moderate chloride groups 

in series I 





DAYS* 07 EXPOSURE tO HEAT 

DETE£in??AT10:J 

DIET GEOUP 

COKTEOI. 







1 

2 

3 

Refractive index incrementf 

Low chloride 

0.0171 

0.0197 

0.0187 

0.0183 


Moderate chloride 

0.0173 



0.0175 

Hemoglobin (grams per 100 

Low chloride « ! 

16.02 

15.7 

15.8 

15.7 

cc.) 

Moderate chloride 

i 

15.4 

1 


1 

15.7 

Plasma chlorides (mgm. 

i Low chloride 

617 

613.2 

585 

582 

NaCl 100 cc.) 

Moderate chloride 

637 



635 

Blood urea nitrogen (mgm. 

Low chloride 

12.0 

19.8 

20.6 

20.7 

per 100 cc.) 

Moderate chloride 

13.8 



14.7 


* Values represent findings in blood dravm in morning before breakfast after completion 
of specified number of days’ exposure to heat. 

t Refractive index of plasma minus tbc refractive index of water. 


prostration while one other man had to interrupt the work schedule because of 
mild heat exhaustion. In contrast, 5 men of the 20 on the low NaCl re^'men 
suffered heat prostration and 3 others suffered heat exhaustion requiring inter- 
ruption of the work schedule. Tlie one man (Du) tvho developed heat prostra- 
tion in the moderate ISTaCl group was 46 years old and the oldest man studied. 
Du had a veiy high rate of srveat production. Du lost 23.4 grams of sweat per 
minute in w'ork as compared to an average of 14.9 grams/min. for ail men in the 
moderate IvaCl group. He showed a net loss of o.o per cent of his body v eight 
on the firet day in the heat and as a result he was badly dehydrated when he 
collap-sed during the morning of the second day. 

Case Wa is interesting because he represents heat exhaustion which occurred 
during a simultaneous increase in the rate of sweating. The routine rate of 




TABLE 8 

The symptoms, puJsc rate, rectal temperature, blood pressure, blood hemoglobin and 
plasma chlorides of 10 men who suffered various grades of heat exhaustion 
during a S-J day exposure to heat 
All subjects except Du wore on the low chloride regimen 


SUB- 

JECT 

1 

DAY OF HOT 
PERIOD 

SYiCPTOMS 

■VS'ORK 

PULSE 

RATE 

WORK 

RECTAL 

TEMP. 

REST- 

ING 

PULSE 

RATE 

REST- 

ING 

PRES- 

SURE 


BLOOD 

HEMO- 

GLOBIN 

PLASMA 

CHLOR- 

IDES 









grams 
per cent 

mgm. 
per cent 

Dar 

p.m. 1st 

Nausea, vomiting. 

204 

102 

120 

116/70 



584 



vertigo, head- 










ache 








Cel 

p.m. 2nd 

Nausea, vomiting, 

156 

101 



a.m. 

16.9 

593 



vertigo, ver}’’ 
slight cramps 





ill 

18.2 

567 

He 

p.m. 1st 

Refused to con- 

180 

102.8 








tinue, com- 
plained of 
dyspnea 








Ma 

p.m. 3rd 

Nausea, vomiting. 

168 

100.2 

88 

96/70 

a.m. 

15.9 

570 


] 

vertigo, weak- 





ill 

17.0 

618 



ness 








Wa 

a.ra. 1st 

Fainted before go- 

140 

99.2 



a.m. 

17.0 

629 



ingon treadmill. 
Fourth period 
rate of sweating 
32/grams/min.* * * § 

1 

1 

1 

i 

1 

j 



ill 

16.55 

620 

Tw 

p.m. 2nd 

Refused to con- 

172 

101.6 



a.m. 

14.5 

615 


tinue, slightly 
hysterical 



1 

1 

1 

ill 

14.5 

609 


Golf 

a.m. 3rd 

Vomiting, nausea 



104 

108/90 




Bet 

p.m. 3rd 

Vomiting, nausea 








1 

! 


vertigo, jaun- 
dice 








Dut 

a.m. 2nd 

Vomiting, vertigo, 
nausea, marked 

160 

101.6 

116 



15.6 

20.07 

640 

610 

! 


weakness 








Ne§ 

p.m. 1st 

Weak, refused to 

174 

103.6 

132 

122/60 






continue 









* Five subsequent determinations of rate of sweating averaged 12.8 gms./min. 

t These men took part in preliminary low chloride experiments and are not included in 
series I, II, or III. 

t Forty -six years old; on the moderate chloride diet. 

§ Took part in an 8 day experiment previously reported in detail Taylor, Henschel and 
Keys, Report to N.R.C. April, 1943. This Journal, 1943. (In press.) 
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sweating was measured over the third period of work on the morning of the first 
day in heat and was found to be 32 grams/min. At the beginning of the fourth 
period he fainted as he was walking up the 3 steps to the treadmill platform. 
Five subsequent determinations of the rate of sweating on Wa. when he was able 
to resume work averaged 12.8 grams/min. It should be noted that Wa had a 
milder though similar episode in the afternoon of the same day with a normal 
rate of sweating. 

Electrocardiograms were obtained on all men during the control period and 
at the end of the experiment. Records were also obtained on all men suffering 
from heat exhaustion. In no case did the low plasma chloride influence the 
electrocardiographic pattern. 

The heat exhaustion encountered in this Laboratoiy differed from the ''de- 
hydration exhaustion,” reported by Adolph (13) on subjects working at high 
temperatures without ivater, in that nausea and vomiting were a prominent 
feature, occuriing ui 60 per cent of our cases while Adolph reported 35 cases of 
dehydration exhaustion vdthout either nausea or vomiting. McCance (14) has 
reported that nausea and vomiting occur in uncomplicated salt deficienc 3 ^ 

In a previous report (4) it has been shovm that heat exhaustion is associated 
with the failure of men to acclimatize (as measured by the pulse rate) and with a 
poor cardiovascular postural adjustment test in the e^’■ening preceding the actual 
development of symptoms. It was also pointed out that food (with salt), water 
and rest (subjects remaining in the heat) are the only measures that are ordi- 
narily necessaiy to restore to acti\aty the men who develop heat prostration. 

Discussion. The evidence presented here indicates that men working in the 
heat, sweating 5 to 8 liters a da}'’ do not require more than 15 to 17 grams of salt a 
da 3 ^ The total 24-hour sweat volumes are similar to those measured in the 
desert b}' Dill ct al. (17), in mines by Moss (2) and recentl}" ly ourselves in desert 
maneuvers. Salt requirements for tropical conditions also raaj' be estimated 
on the basis of these experiments since Lee cl al. (15) have shoAwi that for a given 
effective temperature (Houghten and Yaglogou, 16) the salt loss during work is 
less in the hot wet conditions than in the hot diy conditions. Thus it maj^ be 
exTiected that men sweating 5 to 8 liters in the tropics will not require more than 
15 to 17 grams of NaCl a daj'. 

It is apparent that the salt requirement may be best judged by the phj'siolog- 
ical response of the individual. For this reason, we wish to emphasize the rasults 
of series III in which no significant physiological advantage was gained by increas- 
ing the NaCl consumption from 15 to 30 grams a day during work in the heat. 

The relationship of cardiovascular function to heat exhaustion has been recog- 
nized bj’’ other investigators (IVeiner, 18; Keeton et al., 19; Ferris ci al., 20). 

A number of observers, who were primarily concerned with the study of heat 
cramps, have noted without giving data tlxat when adequate NaCl is supplied 
to miners (Zvioss, 2) or steel workers (Dill cl al, 3) subjective fatigue is reduced 
and the incidence of heat exhaustion lowered. Clear evidence is .submitted here 
to show that a .salt deficit imposes a severe strain, in addition to the task of heat 
regulation, on the cardiovascular -system of men performing work in high cn\ iron- 
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mental temperature and that this additional burden will limit the amount of 
work performed and in some cases lead to the development of heat exhaustion. 
The cause of this effect appears to be a contracted circulating blood volume. The 
extent of the reduction of the blood volume in these experiments maj’' be esti- 
mated from the NaCl loss. The estimated NaCl loss of the low NaCl group for 
the first 24 hours was 8.39 grams. If the chloride all came from the extracellular 
fluid, this would represent 1.74 liters. This is 10.3 per cent of 16.87 liters, the 
average extracellular fluid found by Forbes, Dill and Hall (21) in 10 men. This 
change is the same order of magnitude as the per cent change in the refractive 
index increment of the plasma (15.2 per cent), a figure which may be taken as 
roughly proportional to the blood volume change. 

Heat exliaustion appears to be circulatory failure or impending circulatory 
failure during activity. The subject cannot perform continuous ph 5 '^sical work, 
indeed he may faint while attempting it, but if he ceases physical activit}'- and 
lies down the capacity of lus cardiovascular system is adequate to meet the 
requirements of resting metabolism. Circulatory failure can be brought on by 
placing excessive demands on the heat regulating mechanism (IS). The more 
common situation appears to result from the integrated effects of a contracting 
blood volume and the demands of heat regulation for circulation through the 
skin. The blood volume may be reduced bj'^ failure to drink enough water to 
keep up vnth the water lost by sweating (13) or by failure to consume enough 
chloride to replace the salt lost in sweat production (present results). 

Talbott (1) has maintained that the lowering of sodium and chloride ions in 
serum is the principal etiological factor in the pathogenesis of heat cramps. 
Both the concentration of chloride in plasma and the total chloride loss of the 
subjects on the low NaCl diet were well witliin the range reported as being char- 
acteristic of heat cramps. Talbott and Mickelsen (22) reported 5 cases of heat 
cramps with an average serum chloride of 96.9 M.E./liter on admission. Eight 
subjects of the 20 studied on the low NaCl diet had plasma chloride concentra- 
tions of less than 100 M.E./liter, the average being 94.6 and the lowest 89 
M.E./liter. None of these men had real heat cramps but 5 of them suffered 
heat exhaustion. One man, C. E., complained of slight twitchings in the right 
ankle and hip but this could hardly be termed true heat cramps. These obser- 
vations serve to emphasize that no one factor accounts for the development of 
true heat cramps (3). Dill et al. (3) have suggested that the severity of heat 
cramps depends both on the intensity of the work and the degree of salt loss. 
It is probable that the intensity of ivork in these experiments was not as great as 
that encountered for brief periods in steel mills and mines although the total 
work output cannot be much inferior judging from pulse rates. In any case it is 
clear that NaCl loss per se and the resulting reduction of plasma chlorides will 
not necessarily result in heat cramps but ivill lead in many cases to heat 
exhaustion. 

SUMMARY 

The effects of 3 levels of NaCl intake on cardiovascular functions were studied 
in 49 “noimal” men m work and rest during exposure to hot, dry conditions. 
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The salt intakes were, in grams N'aCl per 24 hours, 6 ± 2 (“low”), 15 ± 2 (“mod- 
erate”) and 30 ± 2 (“high”). Day temperature was 120°F. dry bulb, wet bulb 
of 85°F., night 85° to 95°F. dry bulb, 65° to 75° wet bulb. Control studies 
were at 80 F. drj'', 65°F. wet bulb. Diet, exercise and other conditions were 
rigidly standardized. Water was allowed ad lib. Periods in the heat ranged 
from 2 to 8 days each. 

Pulse rates, rectal temperature, sweat composition and rate of sweating were 
studied in work and in rest. Blood ptosis tests were made. Sweat production 
ranged from 5 to 8 liters per day. 

No advantage in any of the variables measured was demonstrated for men on a 
‘diigh” daily intake of 30 grams NaCl as compared to the “moderate” (15 grams) 
intake. 

Men maintained on a “low” (6 grams) intake of salt had higher pulse rates and 
rectal temperatures in work than men on a “moderate” salt intake. The deleteri- 
ous effect of the “low” salt intake was also reflected in poorer postural cardio- 
vascular adjustment. The men on the “low” salt intake lost more than twice 
as much body weight, drank less water and sweated less than the men on the 
“moderate” salt intake. 

The “low” salt intake resulted in an average net deficit of 13 grams N’aCl for 
3 days in the heat. The men on the “moderate” salt intake appeared to be in 
NaCl balance after 3 days in the heat. 

Heat exhaustion and prostration, characterized by nausea, vomiting, tachy- 
cardia, hypotension, vertigo, deh 3 ’'dration and collapse, occurred in 25 per cent 
of the men on the “low” salt intake and in only 2.5 per cent of the men on the 
“moderate” salt intake. Rest in the heat, food (Mth salt) and water sufficed 
to restore all these men so that they could continue work in the heat in 8 to 24 
hours. 

Although pronounced hypochloreraia was observed in many instances heat 
cramps did not occur. 

There was little or no relation between the concentration of chloride in the 
sweat and the rectal temperature. 

It is concluded that heat e.xhaustion and abilitj^ to work in the heat are almost 
wholly dependent on cardiovascular function and that a moderate salt intake is 
more important to preserve this function than to prevent heat cramps. Hypo- 
chloremia is not the only factor in heat cramps. 

It is further concluded that the NaCl requirement of unacclimatized men who 
are sweating 5 to 8 liters a day is not greater than 13 to 1 / grams dailj''. An 
increase in salt intake above this level results in increased loss of salt and water 

in the urine with no apparent advantage. 
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It has been recognized for some time that antero-pituitarj'' hormones are 
needed to enable hypophj'’sectomized rats to ivithstand fasting periods without 
marked loss of carbohydrate stores. It has been demonstrated that adrenal 
cortical steroids (3, 16) or a crude adrenocorticotropic hormone (4) will preserve 
or increase blood sugar, liver glycogen and muscle glycogen levels of fasted 
hypophysectomized rats. If a crude anterior lobe extract is given throughout 
the fasting period, complete maintenance of muscle gtycogen levels may be pro- 
duced vdthout effects on blood sugar or liver glycogen. This effect may also be 
obtained in the absence of both adrenals (11). The pitvitary principle which 
produces this effect has not been identified vith any of the knovm anterior lobe 
hormones and has been termed the glycostatic hormone (1, 2). 

By emplo 3 dng the most purified anterior hypophj’^seal hormone preparations 
now available it was hoped that a long deferred answer might now be given the 
question “Is myoglycostatic acti\'it 3 ' a property of one or of several of the six 
knoiira antero-pituitary hormones?” In the course of these studies concordant 
observations Avere frequently made on the hepatic glycogen and blood sugar. 

ExPERtMENTAU CONDITIONS, METHODS AND MATERIADS. In mOSt of these 
experiments, conditions were similar to those proposed by E,ussell for the assay 
of the myoglj’-costatic hormone (2). Male rats, hypophj’^sectomized when 2-3 
months old, ivere used 2-4 iveeks postoperative. In part of the experiments, 
immature females, operated upon at the age of 26-28 daj’^s were emploA^ed 5-10 
daj's postoperative, but occasional!}’ as long as 3.5 months after the operation. 
In each experiment only animals of the same age and postoperative period were 
used, generally in groups of 5-8 rats. All rats were fasted for a 24 hour period, 
.started at 1 p.m. and received the hormone intraperitoneally in three doses 
at 24, 10-12, and 4 hours before sacrifice. During longer injection periods the 
hormone Avas giA’^en once daily save on the last day Avhen the schedule mentioned 
above aa'rs followed. Thus in a series of experiments, rats A\'ere treated for 3-4 
days, starting two Aveeks postoperatiA’e, in another series for 9-21 daA’s, starting 
on the day folIoAAdng operation. 

The hormone preparations Avhile in general .similar to those used in prevdous 
metabolic studies (5, 6, 7), embraced tAvo highly purified substances— the adreno- 
corticotropic and lactogenic hormones. The thyrotropic preparation contained 

» Aided by grants from tlic Research Board of the University of California and the 
Rockefeller Foundation, New York City. 
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slight amounts of the interstitial cell stimulating hormone and an uncertain 
amount of growth hormone.^ 

All rats were anesthetized with sodium amytal for the collection of blood 
and tissue samples. The liver and muscle glycogens were determined by a 
minor modification of the Cori method (8) used in this laboratory for several 
years. This consists in proceeding after the acid hydrolysis without filtration. 
This was demonstrated by control experiments to be non-essential. The glucose 
determinations were performed by the method of Benedict (9) . When an ignited 
motybdic anhydride was used in preparing the color reagent, a very stable color 
was obtained, reaching a color maximum in 30 minutes which changed less than 2 
per cent during 8 hours. The Sheard-Sanford photoelectric colorimeter was 
used. Blood was deproteinized by the copper-tungstate method of Somogyi (10) . 

Discussion of results. The data are presented in graphic form to show the 



Numtier or Rats 5 786 53776 55637 6 67 5 

Graph I. The myoglycostatic effect of purified anteropituitary hormones administered 
during fasting in three divided doses at the 24th, 10-12th, and 4th hours before sacrifice of 
hypophysectomized rats. 

increase of the experimental groups over their respective controls in graphs I 
and II ; the black areas indicate the standard deviation® of the difference and an 
increase of two times this was considered significant. When Russell (1, 2) 
studied and compared the ability of various pituitary fractions to maintain 
muscle glycogen in fasted hypophysectomized rats, she found growth promoting 
extracts always to be potent in this respect. Since then methods have been 
developed for a better separation of the growth principle from the other known 
hormones. When such improved preparations were tested for myoglycostatic 

* Wc desire to thank heartilj’’ Dr. Walter Marx for many samples of a highly purified and 
potent growth hormone, Drs. William 11. Lyons and C. H. Li for completely purified lacto- 
genic hormone, Dr. C. II. Li for completeb'^ purified adrenocorticotropic hormone and Jane 
Fraenkel-Conrat for thyrotropic preparations which had been purified to a fargoing extent. 
We especially desire to thank Dr. Heinz Fraenkel-Conrat for the suggestion that these 
studies be undertaken and for his kindness throughout their execution and formulation. 

2 Standard deviation of the difference between the mean of the controls and the mean 
of the experimental groups. 
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activity, they were stiU found to be effective. About ten different preparations 
of growth hormone were given , to a total of 64 rats and all . groups treated with 
the hormone showed increased muscle glycogens when compared with the controls 
(graph I). One milligram of various preparations caused increases of 50-90 
mgm. per cent. In one experiment as little as 0.1 mgm. of a highlj'’ purified 
growth hormone preparation caused statistically significant maintenance, but 
higher doses of this preparation were not appreciably more effective (graph I). 
This is not very surprising in view of Russell’s finding of a ver}"" narrow range in 
which a clear-cut dose-response relationship could be observed (2). Treatment 
%vith the hormone for 3 or 4 days preceding the fast appeared no more effective 
than the usual one day injection period, while after 17 days of hormone treatment 
no appreciable effect was noted (graph II). (Confirmation of L. L. Bennett, 11.) 



Days treated 4 17 i 14 71 17 0 14 14 14 D 6 0 0 1 1 1 I I 1 

Dailt^dOseCAqlZJ 71) 73 175 50 33 30 3D3310 OZIOOOOZ 

Tola! last dflq0/-^5) £D 23 375 I50I5D11D 43117150 Iff 40 Zfl 03 Ocr'Zfl 70 13 LI OO 

HumDer of rats 34 5 3 361 536 56 '3 6 064467 


Graph II. The myoglycostatic effect of purified anteropituitary hormones administered 
daily, and in three divided doses at the 24th, 10-12th, and 4th hours before sacrifice, on 
the last day of fasting. 

* Injected nine times, at two hour intervals, during the last day of treatment (other 
ACTH groups received four injections, at 3 hour intervals, during the last day, of treatment). 


In contradistinction to the effectiveness of gro3\Th liormone preparations in 
maintaining muscle glycogen, they did not maintain blood sugar (graph III) 
or liver glycogen under the same conditions. 

Thyrotropic extracts were generally found to be rich in glycostatic activity in 
older "studies (2). Forty-four hypophysectomized rats were therefore injected 
with a number of purified thjTotropic preparations. Results indicated that 
there was no statistically .significant maintenance of muscle glj cogen in 5 out of 7 
experiments. The two groups in which maintenance did occur might be ac- 
counted for by the contamination vith growth hormone. 

Pure adrenocorticotropic hormone (ACTH) (12) was tested at one level in 
the usual test (graph I). Wlien 3 mgm. were given, muscle glycopns were 
found 65 mgm. per cent above controls, the difference not being significant. 
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The preADous experiments with less pure adrenocorticotropic, gave similar small 
increases. In a considerably greater number of experiments, however, ACTH 
was given for periods ranging from three to twenty-one days, starting the treat- 
ment in many experiments on the day follomug the operation and in others from 
two weeks to three and a half months postoperative (graph II). In all these 
experiments muscle glj^cogens Avere maintained. Blood sugar determinations 
in these groups paralleled muscle glycogen values strikingly, the blood sugars 
ranging up to 233 mgm. per cent in the treated groups (graph III). The highest 
muscle and blood carbohj^drate Amlues Avere obtained Avith a crude ACTH. 
In contradistinction to the finding of Bennett (4), liver glycogen though found 
to be slightl3’' increased in these expeiiments Avas never super-normal. 

In AueAV of the general belief that the hormonal control of blood sugar and liver 
glycogen depends on the adrenal and that these values are generally correlated, 



Daily dose(Mqi a- zd- u - us - b m m - 30 h m - oz 10 C 3 oi: - 

Ittailast&SljOSqlX- id- 5D- 373 - IH 135 150 - « 117130 - la « 20 03 - Ore 20 20 13 II 05 - 

Nq of rots 3548 5 5 5 0 5 0 0 13 6 5 8 28 5 6 3 8 5 0 6 4 4 6 7 35 

Graph III. The blood sugar levels of hypophyscctomized rats given anteropituitary 
hormones daily and three times during the last day ivhile fasting. 

v^hile muscle glycogen is only secondarily influenced by this gland (2, 4, 5, 7) 
many control experiments iv^ere perfoimed to A'^erify the surprising findings here 
reported; namely, that stimulation of the adrenal had only minor effect on liver 
glycogen, Avhile causing hyperglycemia and increased muscle glycogen values. 
When the analytical technique Avas tested repeatedly by the determination of 
knoAvn amounts of hog liver glycogen added to rat livers, recovery Avas regularlj'^ 
found to be above 87 and generallj'^ close to 92 per cent, if the foUoAving precau- 
tions Avere observed: 1, the tubes containing 30 per cent KOH Avere placed into a 
boiling AA^ater bath immediately after the addition of the freshly extirpated liAmrs; 
2, sugar determinations were carried out immediately after acid hydrolysis of 
the liver glycogen. In some of the earlier experiments, before the importance 
of these precautions Avas realized, one secured approximately 0.10 per cent loAver 
IWer glycogen A^alues. However, experimental and control rats were treated 
alike in each case and since recent experiments in Avhich this error was avoided 
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confirmed the findings of the earlier ones, no significance can be attributed to 
this factor in the interpretation of the results. 

^ It appeared of importance to re-study the effect of adrenal extracts and crj^stal- 
line steroids on the gtycogen and sugar stores of h 3 ''poph 3 ^sectomized rats. Six- 
groups of rats were treated with 17-h3^droxy-dehydro corticosterone (compound 
E of Kendalh) during the 24 hour fast with doses ranging from 0.4 mgm. to 2.0 
mgm. (graph II). Muscle gl 3 '-cogen values were found increased by all but the 
loB'est level of the hormone, the effect being significant after the administration 
of more than 1.1 mgm. Blood sugars were also well maintained by 2 mgm. of 
compound E, with doubtful effects at lower doses (graph III). Liver glycogen 
again was found low in all experiments never exceeding 0.2 per cent, while the 
controls ivere generally about 0.13 per cent. Similar effects were produced b 3 '’ 
6 cc. of Upjohn Cortical Extract. Thus cortical extract and compound E were 
found to act quite similar to ACT in our rats, causing appreciable increases in 
muscle but not in liver glycogen; in regard to blood sugar the pituitaiy hormone 
caused hyperglycemia while the steroid at the dosages used onb^ maintained blood 
sugars at levels similar to those of normal fasted rats. However, it appears quite 
possible that the mode of administration and the .speed of action of the steroids 
may here be an important factor and that noth continuous administration in larger 
amounts these compounds would produce blood sugar and liver glycogen increases 
similar to those reported b 3 '- others for adrenal .steroids (3, 16, 17). It is e.spe- 
cially noteworth}’- that the low doses used significantb’’ increased muscle glycogen. 

Myoglycostatic studies have been reported for growth, th 3 Totropic and 
adrenocorticotropic hormones. The remaining chemicallj" characterized pitui- 
tar 3 ’' hormone of significance is the lactogenic hoimone. This hormone can be 
prepared in a state of uniform potency and our various physico-chemical studies 
indicate that it is a pure protein (13, 14). In the two experiments presented 
(grajih II) in which it was administered to h 3 '^poplysectomized rats for more 
than 24 hours the adrenals did not show an increase in weight and no histological 
stimulation was evident. When the hoimone was given only during the fasting 
period at dose levels of 1.5 and 3.0 mgm. no .significant increases in muscle glyco- 
gen were observed (graph I). When it was given for 4 and 14 days to two other 
experimental groups at levels of 2.5 and 1.25 mgm. daily irith three times this 
dose during the fasting period there likewise was no significant increase in the 
muscle glycogen (graph II). Throughout the experiments with lactogenic 
hormone liver glycogen and blood sugars were uniformly low. 

The data presented in graph I show that no greater effects wore obtained 
with a purified C3''steine-treated growth hoimone prcpaiation than with a ciudc 
alkaline extract. Euglobulin and p.seudoglobulin fractions of a crude extract 
were found active at 1 mgm. while the albumin fraction showed no actndty at 2 
mgm. The fact that purified hormone preparations were generally no more active 
than crude extracts indicated the po.s.sibilit 3 ’' that the latter might ov\e their 
actirity to a .s 3 mergism of some of their component hormones. Therefore a 
considerable number of hoimone combinations were tried in search foi this 

< We desire to tliank Dr, E. C. Kendall heartily for this valuable substance. 
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synergism. When growth hormone was given together with ACTH and lac- 
togenic hormone for one day, the effect Avas no greater than that produced by 
the groAvth hormone alone. When the same combination Avas gh'^en for 3 daA’'s, 
it caused the highest muscle glycogen Amlues (230 mgm. per cent above controls), 
but the effect was less than additWe. Also upon combination of groAAdh hormone 
Avith thyrotropic or Avith 17-hydrox3’--deltydrocorticosterone (compound E) 
no synergism was noted. 

Conclusions. Russell found myoglycostatic acthdty to vaiying extent in all 
anterior pituitary extracts tested AAuth the exception of the albumins (groAvth 
discard fraction) and a lactogenic prepai*ation (2). Using the same technique, 
i.e., the 24 hour fasting period Avith equal amounts of hormone at 24th, 10th to 
12th and 4 hours before sacrifice, Ave find purified groAvth hormone alone to shoAv 
pronounced effects at Ioav doses . Russell hesitated to identify the myogl 3 ’-costatic 
hormone A\dth the groAAdh hormone, because of the gl3^costatic actiAdt3^ of other 
hormone fractions, Ioav in groAvth actiAdt3’-, and because of the fact that the 
purification of the groAvth hormone Avas not paralleled by an increase in m3'-ogly- 
costatic potency, when compared to crude extracts. The first instance may have 
been confusing because of adrenotropic hormone contamination inhibiting the 
groAAdih actiAdt3'- of the extracts (15), and thereby producing extracts apparentl3’- 
loAv in groAAdh potenc3L Secondly, aa-c have confirmed the failure of groAAd^h 
preparations to shoAv marked increases in m3’-oglycostatic potenc3’' during 
purification. HoAvever, the fact that groAA'th liormone has since been nearl}’- 
freed from seA’-eral knoAAOi hormones (ICSH, ESH, lactogenic, adrenocortico- 
tropic, and th3’-rotropic) Avithout losing myogtycostatic activit3’- at Ioav dose 
levels (0.1 to 1 mgm.) indicates that one or both of the two components present 
b3’- electrophoretic ana^’-sis of purified groAAdh fractions might be the myoglyco- 
static agent, or agents. 

The time relationships of the muscle gtycogen increases presented in this 
paper are of the greatest importance. 

a. GroAvth hormone is most effectree when giA’en for 1-3 days. It becomes 
ineff octree in maintaining muscle gWcogen AA'hen green for 2-3 Aveeks (4). 

b. Adrenocorticotropic hormone is onW slightly effective or inactive Avhen 3 
injections are giA-en during the 24 hour fast; but it is A’^eiy eff octree AAdien given 
dail 3 ’’ for one to tAvo Aveeks. This suggests that dissimilar mechanisms are 
responsible for muscle gtycogen storage b3’' groAA’th and adrenocorticotropic 
hormones. Maintenance of adrenal cortical size and secretion by adrenocortico- 
tropic hormone grees increased muscle gWcogen leA'^els in the h3’poph3’^sectomized 
rat (graph II) which are similar to those obtained AAath 17 hydrox 3 ’-ll-deh 3 ^dro- 
corticosterone (Kendall’s Compound E). Similar increases haA’^e been preAdousl 3 ’’ 
reported for cortical extract and corticosterone (Kendall’s Compound B) Ire 
Russell and Craig (3) and Long and Katzin (16). Russell and Craig (3) olitained 
supernormal muscle gl 3 ’^cogen leA’els when adrenal steroid (Compound B) and 
“gWcostatic” extract were administered simultaneous^ to lypoplresectomized 
rats. 

Taa'o factore are probablA’ instrumental in the failure to obtain supernormal 
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liver glycogen in fasted hypophysectomized rats given compound E, or cortical 
extract reported in graph II. 

a. The hormone or extract was not given in small hourly doses. Reineke 
and Kendall (1/) have recently emphasized the importance of hourly adminis- 
tration of potent extracts to obtain liver glycogen storage in fasting adrenalec- 
tomized rats. 

h. The amount of cortical extract just sufficient for the maintenance of normal 
carbohydrate levels in adrenalectomized rats is vdthout effect in the absence of 
the hjTophysis (Bennett, 18; GroUman, 19). Russell (20) presents an excellent 
analysis of the interplay of gl3''coneogenetic action of adrenal cortex hormones 
and crude anteropituitary extract effects upon glucose utilization rate in the 
eviscerated rat. The hypophj'’sectomized rat oxidized sugar at a much greater 
rate than the normal or adrenalectomized rat. 

In recent experiments (21) pure adrenocorticotropic hormone administered 
to hypophysectomized rats fasting during low pressure treatment has not in- 
creased their liver glycogen to levels found in anoxic rats with intact hypophj^ses. 
In these animals, the adrenals were larger than normal, and blood sugar levels, 
and muscle glycogen markedly increased by the adrenocorticotropic administra- 
tion. Bennett (4) using an impure adrenocorticotropic hormone at high dose 
levels obtained supernormal liver glycogen levels in fasted hypophysectomized 
rats. Experiments are planned to determine ivhat anteropituitary hormone or 
hormones are necessary for administration with pure adrenocorticotropic hor- 
mone to give supernormal liver gl^mogens in fasting h 3 '-pophysectomized rats. 
Those anteropituitary fractions high in myogb^costatic and grovdh hormone 
action are highlj’^ effective in depressing the respirator}’- quotient of glucose fed 
rats (22, 23, 24). This action if it reduces glucose oxidation in the periphery 
might conceivabl}’- act vdth adrenotropic hormone to increase the liver glycogen 
during fasting to supernormal levels. 


STJJBrART 

1, M 3 mgl 3 'Costatic acti-^dt}' is greatest in crude extracts of the anterior hy- 
pophysis and in highly purified growth promoting extracts. 

2, Th 3 TOtropic extracts knovm to be impure had activities no greater than 
to be expected from possible growth hormone contamination. 

3. Adrenocorticotropic hormone showed slight or no activit}' during the one 
day test in which gi-owth hormone preparations were highly effective. However, 
when through longer administration of adrenocorticotropic hoimone, the adrenal 
gland becomes normal or h 3 Tertrophied, muscle glycogen and hepatic glycogen 
are maintained b}’" it during fasting. 

4. Pure lactogenic hormone is ineffective in the one day myoglycostatic test 
or when administered for 4 or 14 days. 
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Prediction standards for the basal metabolism of children from 2 to 15 j'ears 
old, inclusive, have been established by the Child Research Council of Denver 
on the basis of 1,007 determinations on 70 healthy boys and 718 determinations 
on 57 healthy girls in this age range. These values have been recently reported 
bj’^ Lewis, Duval and Iliff (1), The study has involved repeated determinations 
of basal metabolism on each child, usually'’ at intervals of from 3 to 5 months. 
The validity of basing standards for the prediction of basal metabolism on re- 
peated observations on the shme individuals has been questioned on the ground 
that the element of experience through repetition of the same procedure may 
enter into such determinations and result in lower average values than would 
be found if only the first satisfactory determination on anj’- individual were used. 
The purpose of this report is to evaluate the effect of such repeated determina- 
tions of the basal metabolism of children. 

Review of literature. Boothbjq Berkson and Dunn (2) and Eaton (3) ha'\’-e con- 
tended that standards of basal metabolism for clinical use should be based solel}^ 
on the first satisfactory obseiwation on any individual, since this procedure more 
nearly represents that found in clinical practice. This contention does not seem 
entirely justified. While it is true that many individuals who are tested for 
clinical reasons and give values within the normal range on their first satisfactoiy 
determination of basal metabolism are not subsequent!}'' retested, it is equally 
true that patients whose basal metabolic rates are found to lie outside the normal 
range are frequentl}'' subjected to repeated testing in order that the clinician may 
follow the results of treatment. Thus, if the repetition of determinations af-. 
fected the level of results, the use of standards based solely on first satisfactory 
determinations would be unwarranted when repeated observations are required. 

A number of workers have recognized the possible effect of experience by the 

^ A preliminary report of this stud}’' was made before the Rocky hlountain Section of the 
Society for Experimental Biology and Medicine at Denver in March, 1943. 
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subject on the procurement of satisfactor 3 " determinations of basal metabolism 
and ha\ e used one or more preliminar 3 ’’ practice periods, either on the same da'\’' 
or on the day before the actual experimental period was begun.. In several 
studies of basal metabolism that nece.ssitated repeated observations on the same 
children, a comparison of the first few deteraiinations has been made to see if 
experience has had any effect on the results obtained. Shock (4) demonstrated 
that, provided there is a preliminary' testing period the results of which are 
discarded, the reliability of metabolism measurements is not significantly' altered 
by repeated testing. Bien-ing (5), noting that the first two determinations on 
the boj's of his study' were very' seldom satisfactoiy', advocated a pi’eliminajy 
practice period to obtain reliable results. ^klacLeod (6) was able to demonstrate 
no imiiorm or marked effect of experience on the lesults of her study' in which 
repeated determinations of basal metabolism were made. Webster, Harrington 
and Wright (7) found that 11 of 21 children studied gave results on the first 
obseiwation that were not appreciably higher than those on subsequent tests, 
while on the second day' eight of the remaining children reached a relatively* 
constant level Avhieh was maintained thereafter. 

Experimental procedure. The data to be discussed in this report have 
lieen taken from the studies of Lewis, Kinsman and Iliff (8) and of Lewis, Duval 
and Iliff (9). The subjects are members of the group of healthy cliildren who are 
being studied regularly* by* the Child Research Council. Deteiminations of basal 
metabolism with the open circuit chamber method have been made, usually' at 
intervals of from 3 to 5 months, by* the technic described earlier (8). The gen- 
erally accepted conditions for basal metabolism ha\’e been strictly* followed, and 
only* those results which were judged to be satisfactory* at the time of the deter- 
mination have been reported. Only' observations during which the subjects 
were awake but relaxed and free from mu.scular activity* hai'e been considered 
.satisfactoiy. 

The method of treating the data to determine if the ba.sal metaboli.sm is lower 
in general on experienced than on inexperienced .subjects has been to compare 
the fiiTt determination on each indi\iduai with tho.sc obtained on .subsequent 
days. However, since the basal metabolism exprc.s.sed as calories per hour per 
.‘-•quare meter varies with age, absolute values cannot be made the basis of com- 
parison of determinations at one age with .subsequent detormination.s at an older 
age. Accordingly*, the comparison has been made on the basi.s of the percentage 
dm'iations of the obsen'ed values from the standard values of Le*vis, Duval 
and Iliff (3). 

Results and discussion. The effect of repeated te.sting would be particu- 
larly* evident for those children who have given satisfactoiy re.«ults on each of 
the first few days that determination.s have been attempted, .since the.?c subjects 
would have had no other opportunities to become accustomed to the jirocedure. 
Sati.^factorv result.s have been obt.ained on the finst t'lvo determination.s attempted 
on 26 children who.se mean age at the time of the first determination was 5 y eai.s 
o months within a range of from 2 to 10 ycar.=. Figure 1, graph A, repre.-^ents 
the frequency di.stribution of the difference.^ between the percentage de^iation.-^ 
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from the standard when the second is compared with the first determination in 
these instances. The mean difference is onty —0.3, which cannot be considered 
significant. However, since this histogram departs somewhat from the normal 
probability curve, the analysis has been carried further. Figure 1, graph B, 
compares the percentage de\dations from the standard on the third actual 
determinations with those on the first actual determinations on 21 children and 
reveals a normal distribution for these data. In this instance the mean difference 






Di^erence in Percentage Deviations -from the Standard 


Fig. 1. Histograms showing the frequency distributions of the differences between the 
results of repeated determinations of basal metabolism expressed as percentage deviation 
from the standard. In each graph the mean difference is indicated by X. 

Graph A represents the variation of second actual fi’om first actual determinations on 26 
children. 

Graph B represents the variation of third actual from first actual determinations on 21 
children. 

Graph C represents the variation of fourth actual from first actual determinations on 20 
children. 

Graph D represents the variation of second from first satisfactory determinations on 94 
children. 

Graph E represents the variation of third from first satisfactory determinations on 91 
children. 

Graph F represents the variation of fourth from first satisfactory determinations on 79 
children. 


is —0.6. Similarly, figure 1, graph C, which also shows a symmetrical distribu- 
tion of data, compares the results on the fourth actual determinations with those 
on the first actual determinations on 20 children. This comparison reveals a 
mean difference of —0.8. That none of the mean differences found are large 
enough to be significant may be seen from their respective standard deviations 
in table 1. In order to calculate the standard deviations vith accuracy, it has 
been necessary to assign an arbitrary value of 100 to the zero point on each 
histogram in figure 1 . In each instance the standard- deviation is relatively so 
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great as to render insignificant the obser\^ed mean difference in percentage de- 
\dation from the standard. 

As a further test of the significance of the differences found between the results 
of the first and subsequent actual determinations, the chi-square technic has been 
used on the frequencies with which the individual results in each group fall above 
or below the mean for the combined gi-oups. These values for chi square and 
their respective probabilities, ivhich are also given in table 1, reveal that all of the 
obseiwed differences may well have arisen from chance selection alone. Thus, 
no significant differences, such as would be found if experience affected the level 
of the basal metabolism, can be demonstrated. 

TABLE 1 


SlalisLical analysis of the results obtained on repeated determinations of basal metabolism 


COMPARISON OF 

MEAN 

DIFFERENCE 
BETWEEN 
PERCENTAGE 
DEVIATIONS 
FROM THE 
STANDARD 

THE MEAN 
DIFFERENCE WITH 
ARBITRARY ADDITION 
OF 100 ± standard 
DENTATION THEREOF 

CHI 

SQHARE* 

PROBA- 

BILITVt 

Second with first actual determinations . . . 

mBM 

99.7 ± 4.3 

Bn 

WSM 

Third with first actual determinations 

■es 

99.4 ± 5.2 



Fourth with first actual determinations. .. 

-0.8 

99.2 ± 5.4 

m 


Second with first satisfactory determina- 





tions 

-fO.2 

100.2 ±4.9 

0.34 

0.56 

Third with first satisfactory determina- 





tions 

dbO.O 

100.0 ± 5.2 


0.76 

Fourth with first satisfactory determina- 





tions 

±0.0 

100.0 ± 5.6 


0.34 


* The value for chi square has been calculated from the frequencies ■n'ith which the 
results of each group, expressed as percentage deviation from the standard, fall above or 
below the mean of the combined groups. 

t Since the probability of occurrence, as obtained from the value for chi square, is 
greater than 0.05 in each instance, chance selection will account for all of the observed 
differences between the first and subsequent determination.s. 


Since all children are not so co-operative that satisfactory re.sults are obtained 
on the first day determinations are attempted, it is important to consider the 
results of the first, second, third and fourth .satisfactory determinations on each 
child without regard to the actual number of attempts to make determinations 
on that child. Values .suitable for such compaiison arc available for first and 
second .satisfactoiy determinations on 94 children; for first and third satisfacton 
determinations on 91 children; and for first and fourth satisfactory determina- 
tions on 79 children. Figure 1, graphs D, E and F, show the frequency distribu- 
tions of tlie differences between the percentage deviations from the standard 
when the second, third and fourth satisfactory determinations, re.spectivc!y, arc 
comiiared with the first satisfactory detenninations on these children. The 
mean differences found are 4-0.2, iO and ±0; the distribution in all three ca.ses 
ajjpro.vimate.s the normal piobability cun-e; and application of the chi-squ.*K. 
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technic to these data shows (table 1) no differences which could not have arisen 
from chance selection. Hence, it may be concluded that neither the second, the 
third nor the fourth satisfactory determinations on these children are lower as 
the result of practice than the first satisfactory determinations. However, it 
must be remembered that several attempts may be necessary before a satisfactory 
determination is obtained. Of the 94 subjects discussed above, 33 children or 
35 per cent gave satisfactory results on the first determination, 52 children or 55 
per cent had given satisfactory results by the second determination, and 75 
children or SO per cent had given satisfactory results by the third determination. 
In one instance seven determinations were required before a satisfactory result 
was obtained. 

In none of the instances depicted in figure 1 and table 1 are the differences 
between the percentage de\'iatrons from the standard consistent enough to impl}^ 
an effect from repetition of determinations that might invalidate standards 
established on this basis. It must be remembered, however, that all of the 
determinations upon Avhich this conclusion is based had passed certain definite 
criteria. No determination can be considered satisfactory from the standpoint 
of co-operation of the subject unless the child refrains from muscular acti^'it 3 ’• and 
is relaxed but awake. If these conditions are met by any indi\'idual, he may be 
considered a satisfactory subject, and subsequent determinations may be ex- 
pected to check within the range of intra-individual variation. The readiness 
with w-hich satisfactory determinations maj" be obtained varies considerably 
with different children. A preliminary testing period is necessary onl 3 ' in so far 
as it is required to obtain co-operation of the child to the end that satisfactory 
results may be obtained on him with ease. The period required to obtain such 
co-operation varies markedlj’- from a feu' minutes on one da}' to repeated attempts 
on several daj's and is dependent both upon the temperament of the child and 
the readiness wdth v'hich he understands the necessaiy directions. In general, 
a 3 ’^ounger child Avill require greater persuasion to remain perfectlj’- quiet and at 
ease than will an older one. Prediction standards for basal metabolism estab- 
lished by a longitudinal stud}' such as that being carried out bj’’ the Child Re- 
search Council ma}' be used to evaluate the results of any satisfactoiy determina- 
tion on a child regardless of whether he has had only the one determinaticai or 
many other previous tests. 


SUMMARY 

1. Because the suggestion has appeared in the literature that standards for 
basal metabolism based upon repeated determinations on the same individuals 
are louver than those computed solel}’' from first satisfactoiy determinations, the 
effect of repeated testing on the level of the basal metabolism has been consid- 
ered. 

2. Comparison of the results of the first satisfactoiy determination of iiasal 
metabolism with those of the second, third and fourth satisfactory determinations 
on children w'ho varied in age from 2 to 10 years reveals no significant difference 
which can be attributed to experience. Of 94 subjects, 35 per cent gave satis- 
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factory results on the first determination, and 55 and 80 per cent, respecti\'ely, 
had giA’en satisfactoiy results bA^ the second and third determinations. 

3. Analysis of the results of the first detenninations on those childi-en avIio 
gaA'e satisfactoiy results on the first day that obserA'ations AA'ere attempted re- 
veals no significant difference from the results of the .second, third and fourth 
actual deteiTninations. 

4. A preliminary testing peiiod may or may not be necessary to procure 
.satisfactoiy results in the determination of the basal metabolism of children. 
Accordingly, no practice period is prescribed, but the first determination in AA'hich 
the cliild refrains from muscular activity and is relaxed but aAA'ake is accepted as 
satisfactoiy. Experience by the subject tends as a rule to increase the ease AAUth 
AA'hich a satisfactoiy determination may be obtained. 

5. The prediction .standards for the basal metabolism of children from 2 to 15 
years old, inclusive, that have been established by the longitudinal study of the 
Child Research Council (1) may be used to eA'aluate the results of any .satis- 
factory deteiTnination on a child regardless of his familiarity A\'ith the procedure. 
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The t-ecretioiis and fluids in the respiratory aiiavny, wliich v.iil he referred to as 
R.T.F. or Respiratory Tract Fluid, arc hroucht up the traclipo-liroiH'iuai tree, 
or otherwise eliminated, hy several mechanisms which have been list'-d (1 ) tie- 
ciliary mechani.sm, cough, milking-like coninictions of tlie mu><'l(>s of Reisseis'.-t'i, 
the churning movements of breathing and reabsor]>tio!i into tlie lymph.atio roei 
veins of the lung. The present report is concenicsl chiefly with tlie part played 
by ciliary movements. C.'iliatcd eohimnar or cubnidal epithelial ta-Us extetid up- 
ward to the nose from near or al »out the junction of the terminal and rcspir.atcry 
!)r<.)nchinles .and are theoretically capable of sweeping alnisg R.T.F. at th.e rato 
I to 5 feel ])er honr, the rate being most rapid in the tnichea <2;. 

1 here e.xists a dilTerencc of opinion as to tlte part actua.lly playetl by tiu* I’iliary 
earpet in the dndnage of R.T.F. The Swiss investigator. GordonotT {2b con- 
cludes. “die Fiimmerliew ogling iTir tien JNp-ektorationsvorcanu: von ircritsccr 
Hetlentung ist,” while tlie French .-cienti.st. Polica.rd more cautiously notf', 
“!a machiiu* ciliare bronchicpie n’a pas nne grosse r(.'scrve de pnt-mnec.” British 
and American aiitliors have attributed more importance to ciliary draim nv. 
Robertson (2) considers it to l>e the principal incc-lu-.ni.'-ie. <tf drairianc of !.!!•■ Inn'.: 
above the respiratory bronchi(‘ie> while Gunn (4\ iVK-- as far as t/> sfa**’ tnat 
under norma! eonditiotis ciliary drainage alone is je.-]ionsjMc for fcmova.l «>f 
brotichi.al secretions. 

In none of th.e paja.us reviervofi liy the ab< 
actually measured under conditions of norma! amt impaired 
tliat tiuTc is no direct inforinatiou m tire ciiirsry limin:; 

]:erin'.ents to be ret’ortcM-l i-elow, the «,>uipn: of R.T.l'. 
and cats witii a tiormal tr.udseodironcliial muce 
mucosa dainagc-<i by t’ne inlrrslation of ainmonir 

The niethavl us4cd to collect R.d'.F. wa< tlia* of IV 
improvements ile.-f'Hl'cd by Boyd, .htckson c.nd Homr 
in ligating a T canmda ir.to th.e Ir.u'l.ea r.f 
R.T.F. in a grmlmuc-d IuIh- and (s.-ndit!ordng the Inla'.h-i a 
and app.roN-'uuately tbO in-r <en? ri-Iaiive lnnui<iity 
mpparatus nuitaitiing iirh.a.lci cu' exh-a!»>'i air t'a-rnn -'m'!!.-, 
i.utpiit Ji;;f R.T.F. aa^ mtasun’-i at interval r.f hart an ;u 
<' xtiressed as ml. t-f R .T.l'. rcr h'.-'iy v. einht ; 
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described by Ficklen (7) as “rapidly fatal.” Actually the animals lived almost 
as long as did the controls not gassed %rith ammonia, both sets of animals being 
urethanized and arranged for collection of R.T.F. The concentration of NHg in 
the static chamber rapidlj' fails, however, due to absorption of gas on the hair 
of the animals and in any moisture present. Concentrations of NH3 above 8.0 
mgm./l did prove rapidly fatal in the chamber used for gassing. Solis-Cohen 
and Githens (8) list the fatal dose at 0.2 per cent of inspired air but do not men- 
tion if per cent means w/v or v/v nor the species of animal or animals used nor 
the time of exposure; if v/v is intended, then the concentration corresponds to 
1.5 mgm. per ,1. Exposure to concentrated ammonia fumes is well known to 
produce violent irritation of the mucosa of the nose and throat. Severe poisoning 
has occurred from accidents chiefly invohnng refrigeration units and in two recent 
reports, one (9) in an ice cream factor3' and another (10 in an air raid shelter 
beneath a brewery, tracheitis, bronchitis and bronchiolitis have been described 
as among the effects of the gas. Experience with the animals used in the present 
.studj-- has been similar. Sections of trachea and lungs, taken at death, were 
examined histologically b.y Prof. G. H. Ettinger of the Department of Physiology 
of Queen’s University and he reported extensive congestion and edema with 
desquamation, leucocj'tic infiltration and necrosis of the mucosa of the trachea, 
bronchi and bronchioles. It maj' be concluded, therefore, that the gassing 
severe!}^ damaged the ciliated mucosa of the respiratoiy tract in the animals used. 
Eighteen rabbits and 12 cats sen'ed as controls, not exposed to NH3 but otherwise 
treated as the gassed animals. 

The mean output of R.T.F. with the animals b'ing prone upon their bellies 
on the operating table was as follows: 

Control rabbits, no NHj 2.2 ml./kilo/24 hrs. 

.Ammonia-gassed rabbits 3.2 inl./kilo/24 hrs. 

Control cats, no KHj 3.3 ml./kilo/24 lira. 

.Ammonia-gassed cats 1.9 ml./kilo/24 hrs. 

These figures indicate that in spite of the inhalation of NH3, the animals con- 
tinued to excrete about the same amount of R.T.F. There are two po-ssible 
explanations, first the cilia had not been completel.v destroj-ed hy NHs or secondly 
that mechani.sms other than ciliaiy drainage accounted for the continued output 
of R.T.F. The first e.vplanation does not .seem likely because of tlie exten.sive 
damage to the mucosa found hi.stologicalh'. Further, in the experiments on the 
inhalation of live steam reported below, figures similar to the above were ob- 
tained and in the steamed animals the tracheal muco.sa at death was often 
necrotic and so rotten that in .some animals the cannula sloughed out of the 
trachea. It seems reasonable to conclude that a mechani.sm or mechani.sms other 
than ciliary drainage .seiwed to excrete amounts of R.T.F. about those of the 
normal output. On the other hand, it cannot be concluded that non-ciliar.'v 
mechanism.s of drainage can accommodate volumes 01 R.l.F. greater than the 
normal output. In fact, from the experiments dc.scribed below it would .seem 
that thc.=e non-ciliarr' mechani.sms are limited in their capacity to excrete onl.v 
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amounts of R.T.F. about the normal output. Cough is not included in the non- 
ciliaiy mechanisms just described because these animals could not cough. The 
non-ciliary mechanisms involved, therefore, are movements of the lungs due to 
contraction and relaxation of the muscles associated with the mechanics of 
respiration and the contractions of the bronchial muscles of Reisseissen. 

That drainage of R.T.F. was not efficient in ammonia-treated rabbits and cats 
was immediately apparent when the animals were arranged for postural pul- 
monary drainage b}^ tilting the operating table vith the animals’ heads held 
do^vnward. Two angles of drainage "were selected, 30° and 50° with the hori- 
zontal. The animals were placed either at an angle of 0° (prone), 30° or 50° for 
2 hours, then slufted to another angle for 2 hours, then to another and so on, the 
sequence of shifting being made such that a random sampling was obtained. 



Fig. 1 Fig. 2 

Fig. 1. The effect of postural pulmonary drainage upon the output of R.T.F. in ammonia- 
gassed rabbits and cats. CA: cats, ammonia-gassed; RA: rabbits, ammonia-gassed; CC: 
cats, control, no NH 3 ; RC: rabbits, control, no NHj. 

Fig. 2. The effect of postural pulmonary drainage upon the output of R.T.F. in rabbits 
and cats subjected to inhalation of live steam. CS: cats, steamed; RS: rabbits, steamed; 
CC: cats, control, no steam; RC: rabbits, control, no steam. 

The mean output of R.T.F. at each angle of pulmonarj’- drainage was then calcu- 
lated and these means have been plotted in figure 1 for the 4 groups of animals. 
It may be seen that postural pulmonary drainage had no effect upon the output 
of R.T.F. in the control animals but increased the output in the ammonia-gassed 
animals. These experiments indicate that in rabbits and cats: 

a. Inhalation of ammonia augments the output of R.T.F. to double or triple 
the normal production. 

h. Inhalation of ammonia damaged the ciliated tracheo-bronchial mucosa. 

c. The non-ciliaiy drainage mechanisms of respiratory movements and con- 
tractions of the bronchial muscles could take care of about the normal output of 
R.T.F. but not the augmented output in ammonia-gassed animals. 

Had the cilia been intact and active in the ammonia-gassed animals, could they 
have efficiently excreted the augmented output of R.T.F.? It seems likelj' that 
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they could have done so from the results of experiments to be reported below in 
which the drainage of R.T.F. was efficient at greatly increased rates of output 
of R.T.F. and in which the cUia were normal. Hence it would appear that the 
ciliaiy drainage niechani.sm is one of the most important in the excretion of 
R.T.F. and that drainage by action of the respiratory movements and contrac- 
tions of the bronchial muscles can accommodate amounts of R.T.F. of only 
about the normal output. 

The inhalaiion of steam. Seven rabbits and .3 cats were allowed to inhale live 
.steam directly into, the trachea and then arranged for collection of R.T.F. The 
animals were urethanized, the tracheal cannula inserted and then a stream of live 
steam added to the inhaled air from a .steam kettle on an electric hot plate for a 
period of from 2 to 45 minutes, the inhaled live steam passing directly into the 
trachea. A number of other animals were used in addition to those mentioned 
but their survival was too short to render inclusion of data obtained upon them. 
At death, sections of the trachea and lungs were examined histologically by 
Professor Ettinger who reported extensive venous congestion and edema of the 
trachea ^vith leucoc 3 'tic infiltration, necrosis and sloughing of the mucosa. In 
the bronchi and bronchioles the pathological reaction was less severe and in a few 
sections normal. The damage to the trachea was quite apparent macroscopi- 
cally. 

The mean output of R.T.F. in the steamed animals hnng prone upon their 
bellies was: 

Control rabbits, no steam 2.2 mI./kilo/21 hrs. 

Steamed rabbits 2.0 ml./kilo/24 hrs. 

Control cats, no steam 3.3 ml ./kilo/24 hrs. 

Steamed cats 2.3 ml./kilo/24 hrs. 

The control animals were the same as those used for the ammonia-gassed rabbits 
and cats as all experiments with NH 3 and steam were done at about the .same 
time. These results are similar to those with the ammonia-gas.sed animals. 
The conclusions are thus also the same with respect to the relative functions of 
the different mechanisms responsible for drainage of R.T.F. 

The .steamed animals were then set up for postural pulmonaiy drainage at the 
.same three angles as the ammonia-gassed animals. The mean output of R.T.F. 
at 0°, 30° and 50° angles of drainage has been plotted in figure 2. It may be seen 
that the results, and hence the conclusions, are .similar to those with ammonia- 
gassed animals. 

The capacity for cxcrciioTi of R.T.T. The abov'e experiments demonstrated 
that in the absence of normally functioning cilia, the non-ciliary mechanisms of 
drainage of R.T.F., e.xclusive of cough and reab.sorption, were capable of excreting 
R.T.F. at the max*imal rate of some 2 ml./kilo/24 hr.s. in rabbits and cat.s. In 
the following experiments it vill be .shown that with an intoct trach co-bronchia I 
mucosa, the respirator.' sy.rtem has a capacity to c.xcrete many times this 

amount of R.T.F. ... 

First, an effort was made to augment the output of R.T.F. in rabbits b.v giving 
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various cholinergic drugs and measuring the output of R.T.F. \rith animals ar- 
ranged consecutively for postural drainage at the angles previously used. Sev- 
enty-six experiments were performed upon 21 rabbits using the following doses 
per kilo body weight given intraperitoneally: 0.005 to 0.05 ragm. carbachol, 
B.P. (Doryl-Merck), 0.05 to 0.1 mgm. physostigmine salicylate, 0.2 mgm. 
arecoline hydrobromide, 0.005 to 0.05 mgm. carbaminoyl betameth.ylcholine 
chloride (Urecholine-hlerck), 0.02 to 0.2 mgm. prostigmine methylsulphate, 1 
to 10 mgm. acetyl betamethjdcholine chloride (Metholyl-Merck.) None of 
these drugs had a marked effect upon the volume output of R.T.F. in the doses 
used and the average output was increased only about 50 per cent. The mean 
output at the different angles of postural pulmonary drainage was: 


At angle 0° 3.2 ml./kilo/24 hrs. 

At angle 30° 3.5 ml. /kilo/24 hrs. 

At angle 50° 3.6 ml./kiIo/24 hrs. 


Postural pulmonary drainage did not materiallj’- affect the output of R.T.F. over 
that in the jirone, 0°, position and hence it may be concluded that drainage at this 
rate of output is efficient and effective. There was no evidence of damage to 
the tracheo-bronchial mucosa in these animals, of course. 

Cholinergic drugs having proven unsatisfactory in the rabbit, a series of some 
40 experiments was performed upon 10 rabbits in which the cervical vagus nerve 
was stimulated faradically and at intervals after the technique used by Peny and 
Bo3’’d (5). The rabbits so treated were again arranged in a random manner for 
collection of R.T.F. at the angles 0°, 30° and 50°. The mean output of R.T.F. 
was: 


At angle 0° 7.1 ml./kilo/24 hrs. 

At angle 30° 7.6 ml./kilo/24 hrs. 

At angle 50° 7.0 ml./kilo/24 hrs. 


The output of R.T.F. in these experiments was over three times the normal, there 
was no evidence of damage to the tracheo-bronchial mucosa and the output of 
R.T.F. was not increased bj’’ postural pulmonarj^ drainage. Hence it may be 
concluded that the mechanism of drainage of R.T.F. is geared to handle loads 
three times the normal — ^^rith the ciliated epithelium intact. 

A confirmatoiy experiment was performed upon 10 cats given intraperitoneal 
injections of pilocarpine nitrate, 0.5 mgm. per kilo bodj’" weight. The mean 
output of R.T.F. in 37 comparisons at different angles of postural pulmonary 
drainage was: 


At angle 0° 6.8 ml ./kilo/24 hrs. 

At angle 30° T 6.5 ml./kilo/24 hrs. 

At angle 50° 7.3 ml./kilo/24 hrs. 


The' results and conclusions deduced therefrom are similar to those with vagus- 
stimulated rabbits. 

There was also available for studj’’ a number of sick rabbits, cats and dogs with 
various types of pathological lesions of the lung and from which greatly increased 
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amounts of R.T.F. were obtained. From the point of \new of the present in- 
vestigation, interest lay only in the condition of the trachea and bronchi. In 
one group of some 28 rabbits, about three quarters of the animals e.xhibited con- 
gestion and edema of the tracheal mucosa. In these rabbits the output of 
R.T.F. was: 

At angle 0° ' 1.7 ml./kilo/24 hrs. 

At angle 30° 32.7 inl./kilo/24 hrs. 

At angle 50° 34.1 jnl./ldlo/24 hrs. 

It is obvious that in these rabbits the loss of normal ciliarj’’ function materially 
reduced the capacity of the lung to excrete the heavy load of R.T.F. 

On the other hand, in a giuup of 44 cats with congestion, edema, leucoc 5 'tic 
infiltration and other damage to the limg alveoli but no appreciable damage to 
the mucosa of the trachea, bronchi and bronchioles, the mean output of 
R.T.F. was: 


At angle 0° 15.0 mI./kilo/24 hrs. 

At angle 30° 8.5 ml./ldlo/24 hrs. 

At angle 50° 16.1 ml./kilo/24 hrs. 


These e.xperiments attest the capacity of the cat respirator 3 '- tract to cope with 
an output of R.T.F. some 8 times the normal — with the ciliated mucosa intact. 
There were indi^ddual examples where the output of R.T.F. in these cats rose to 
50 to 100 times the nonnal rate and postural pulmonaiy drainage still did not 
affect the output of R.T.F. It seems quite e\adent that the mechanism for 
excreting R.T.F. in cats is geared to handle man}' times the normal output. 

In a group of 7 dogs vith lesions of the alveoli similar to those seen in the cats 
liut also with histologically normal tracheo-bronchial mucosa, there was an aug- 
mented output of Pw.T.F. but no effect due to postural pulmonary drainage upon 
the rate of output. The normal output of R.T.F. in adult dogs of 15 to 40 lbs. 
body weight averages about 0.5 ml./kilo/24 hrs. and the output is not increased 
by postural pulmonary drainage. In the 7 dogs noted above, the mean output 
of R.T.F. was: 


At angle 0° S.7 ini ./kilo/24 fins. 

At angle .30° G.8 Tnl./kilo/24 hns. 

At angle 50° 0.5 ml./kilo/24 hrs. 


These experiments demonstrate also that the dog is capable of excreting 15 times 
or so the average normal output of R.T.F. and the tracheo-bionchial mucosa vas 
normal. 


COXCLUSIOXS 

The factors re.sponsiblc for excretion of R.T.F. up from the lungs and through 
the trachea in urethanized, trachcal-cannulated rabbits, cats and dogs hate been 
listed as 1, ciliarr drainage; 2, the movements due to action of the voluntary 
muscles of respiration, and 3, the contractions of the bronchial mu.scle.s of Reis- 
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seissen. Cough and reabsorption also plaj^ a part but not in the above particular 
experimental animals. 

If the drainage mechanisms are ineffective or incapable of excreting R.T.F. 
as fast as it is produced, then an increased output of R.T.F. should result from 
postural pulmonary drainage. 

In the normal, urethanized rabbit, cat and dog, postural pulmonary drainage 
does not increase the output of R.T.F. and hence the mechanisms for drainage 
must be sufficient and effective. 

''k\Tien the ciliated mucosa lining the trachea of rabbits and cats is damaged by 
the inhalation of ammonia or live steam, the output of R.T.F. is doubled or 
tripled when the animals are posturall 3 ’- drained but drainage is incomplete and 
at about the normal rate v^ien the animals are not posturallj'- drained. Hence 
mechanisms 2 and 3 above may be concluded as geared to handle not more than 
the noimal load of R.T.F. 

"N^Tien the output of R.T.F. in rabbits and cats is doubled or tripled bj'’ giving 
choHnergic drugs or bj’' faradic stimulation of the cer\acal vagus nerve, the output 
is not augmented by postural pulmonary drainage, the ciliated mucosa is un- 
damaged and hence it may be concluded that the cihaiy drainage mechanism is 
geared to handle loads of R.T.F. greater than the normal. 

In sick cats and dogs with a normal tracheo-bronchial mucosa but with a con- 
gestion of the pulmonary alveoli, postural drainage did not augment outputs of 
R.T.F., which, on the average, were 8 to 15 times the normal and in indi\ddual 
animals went as high as 50 to 100 times. Hence the reserve capacity of the cilia 
to excrete R.T.F. must be very great, 

Cough is not likelj’’ to be useful and productive, therefore, except if there be 
extensive damage to the tracheo-bronchial mucosa or where the cilia are bathed 
in a markedly non-phj^siological medium, such as pus. Postural pulmonaiy 
drainage is hkely to be effective only under the same conditions. 
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Most of the literature indicates that anoxia causes hj'^pergij'cemia (5, 6, 12, 
13, 14, 16, 18, 19), although some investigators report no change (1, 8) or even 
hypoglycemia (15, 21) under some conditions. The confused state of the evi- 
dence is well summarized in the monograph l^y Van Liere (22). 

Sundstroem and Alichaels (21), using rats, showed that under anoxic condi- 
tions (260 mm. Hg) maintained for two weeks there is at first a slight hypo- 
glycemia, followed b.y se\'eral da 3 ys of hypergl 3 ycemia, and tei’minated with h 3 ypo- 
gtycemia. Gellhorn and Packer (9) found differences in the effects of anoxia on 
rabbits which were apparent^ referable to exposure times: short periods acted 
antagonistically to in^lin h 3 ypogl 3 ycemia, while longer periods of two hours 
aggravated h 3 *poglycenaia. 

Lewis et al. (15) found in rats a slight increase in blood sugar during ano.xia 
stimulated b 5 y atmospheres containing more than 7 per cent oxiygen, while lower 
oxygen levels produced h 3 ’pog] 3 'cemia. As early as 1914, Cannon (3) suggested 
that asph 3 yxia stimulates production of the adrenal medullar 3 y hormone, and 
might be expected to evoke an increase in blood sugar. Schulze (20) and Feld- 
man et al. (G) have since suggested that anoxic hypergliycemia ma 3 y be due to 
stimulation of the adrenal glands. In this connection Emerson and '\’'an Liere 
(4) have shown that anoxia causes depletion of adrenalin content of these organs. 

In the present experiments the effects on carbohiydi-ate levels of oxygen lack, 
of attendant manipulation and other exciting factors were examined. The 
changes in blood sugar on rapid evacuation of the air chamber to rathei- extreme; 
conditions (260-160 mm. Hg) followed ly rapid return to sea-level conditions, 
the incidence of convulsions, and problems of adrenal involvement in anoxia were 
considered in several experimental series. The effects on .storage of carboln'- 
drates were also investigated. 

Methods. Room and chamber temperatures were kept between 2o°C. and 
28°C. Gas pressures were reduced rapidly, within 2 minutes, to the stated 
values. All heights were derived by comparison with the altitude-pressure table 
given 1)3’ Armstrong (2). IMale rats were used throughout. 

Glass barometric chambers, each with a capacity of 9 liters, were arranged for 
testing individual rats, or in a few cases two or three small rats. At S.T.P., each 
was ventilated at the rate of 2 liters of fre.sh air per minute, but this rate was 
increased in inverse proportion to the decreased pressure within the chamber. 
Thus, when the pressure had been reduced to 380 mm., the ventilation rate in 

» Grateful .yicknowlcflpnicnt is m.ade of aid received in thi.s investigation from the Endo- 
crinology Fund of the National RcFoarch Council, 
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liters per minute was more than double the 2 liters per minute measured at 
S.T.P. Pressure was kept constant to within ±5 mm. by a specially-designed 
apparatus in which evacuation was somewhat excessive, the excess being relieved 
bj’' atmospheric air bubbling through a column of mercury of fixed depth. Peri- 
odic analysis showed that the partial pressure of CO 2 never exceeded 1.5 mm. 
Hg or 0.6 per cent by weight, at 27,000 ft. simulated atmosphere, even when 
large rats were used. 

Blood-sugar determinations were made according to the micro-method of 
Folin and Malmros (7), samples being taken from the tail of each rat. The 
progressive changes in blood sugar vhich occurred under many different anoxic 
conditions have been observed. The effects of repeated manipulation of rats 
were determined, both vdth and without exposure to low oxygen tensions. In 
some groups, liver, muscle and heart glycogen levels were observed. 

The acclimatized rats used in these experiments had been exposed to 27,000 
ft. altitude equivalent for several 4-hour peiiods during the month preceding their 
use. As a test for acclimatization the group (10 animals) was exposed to 162 
mm. Hg (37,000 ft.) for one hour. Ordinarily, all unacclimatized animals died 
during such exposure tests. 

Adrenalectomized animals, and the effects of adrenalin (0.02 mgm./lOO gram 
intraperitoneally), were tested in relation to anoxia. The adrenalectomized 
rats were maintained on 0.2 mgm. desoxycorticosterone acetate per day. 

A summary of the various experimental groups in which the effects of ano.xia 
on carbohydrate levels have been studied is given in table 1 . In almost all cases, 
the few exceptions being noted, exposures were made at the simulated altitude of 
27,000 ft., or 258 mm. Hg barometric pressure. 

Results. Experimental results are pven here only in brief, since the ac- 
companying graphs and tables indicate much more clearly the actual blood 
glucose changes, time factors and other conditions. Over 200 rats were used 
in the different series tested. 

Control animals (groups 1, 2; figs. 1, 2) showed only slight variations in blood 
sugar, amounting to no more than ±10 mgm. per cent. 

Uninterrupted exposure of fasted animals to 258 mm. barometric pressure 
(27,000 ft. altitude equivalent) for less than one hour produced a marked rise in 
blood sugar, but exposure for longer periods up to four hours caused irregular 
changes, the averages of which are close to normal (group 3, fig. 3). 

In some cases, anoxic exposures (to 258 mm. Hg barometric pressure) were 
intermpted bj’’ rapid returns to sea level 6 to 8 times during a 4-hour period 
(figs. 4, 5, 6, 7, 8). At each such interroption blood samples were taken. These 
showed blood-sugar changes which varied markedly vith the various degrees of 
fa.sting imposed. 'Well-fed animals showed an initial rise in blood sugar followed 
bj' return to normal levels (group 4, fig. 4). 

Twelve-hour fasted rats demonstrated a similar initial hypergb’-eemia followed 
by a steady drop to hypoglycemic levels (60 mgm. per cent; group 5, fig. 4). 
Return to sea level is followed by a relativel 3 ’^ rapid return to normal gb'cemic 
values (group 6, fig. 5). If, however, the animals are prefasted for 48 hour.?, the 
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same type of exposure produces changes qualitatively similar to those observed 
in -well-fed animals (group 7, fig. 6). 


TABLE 1 


CROTTP 

SO. CASES 

TIG. SO. 

EXPERIMENTAI. CONT)ITIOKS 

1 

10 

1 

Fasted 12 hours. Repeated handling only, at sea level 

2 

0 

2 

Fasted 12 hours. Repeated 5-second exposures to 258 mm. 
Hg 

3 

58 

3 

Fasted 12 hours. Continuous exposures for different time 
periods 

4 

6 

4 

Fully fed; 4-hour total exposure, withdrawals for blood 
sampling 

5 

19 

4 

Fasted 12 hours. Conditions as in group 4 

6 

6 

5 

Same as group 5, but recovery period observed for 2 hours 

7 

5 

6 

Same as group 4, but rats fasted for 48 hours 

8 

■ 10 

7 

Acclimatized rats fasted 12 hours. Conditions as in 
group 4 

5, 7,9 

30 


Glycogen levels after 4-hour exposures under different 
absorptive conditions (table 2) 

10 

5 

8 

Adrenalectomized rats, fully fed; repeated handling at 
sea level 

11 

7 

8 

Adrenalectomized rats, fully fed; exposed to 258 mm. with 
repeated samplings 

12 

6 

9 

Adrenalin effect without anoxic e.xposure 

13 

15 

9 

Adrenalin given after 4 hours' anoxia, and exposure con- 
tinued 

14 

6 

10 

Adrenalin effect immediately after 4 hours’ anoxia 

15 

4 

10 

Adrenalin given 45 minutes after 4 hours’ ano.xia 

16 

21 

11 

Blood glucose levels during rapidlj' induced anoxic con- 
vulsions 



Figs J and 2. Control experiments shovring course of blood .sugar under conditions 
indicated on graphs. (In graphs like these, 1 and 2. tl.e area within the light line.s repre- 
sents the range of the experimental values and the dark line the average course.) 


Acclimatized rats which were prefasted for 12 hours before the anoxic exposuic 
.showed no reduction in blood-sugar level, and hence were sjrailar in the latter 
re.spect to the well-fed unacclimatized animals (group 8, fig. /). 
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No marked changes Avere observed in the hver or muscle glycogen values of 
either ^Yell-fed, 12-hour or 48-hour prefasted animals subjected to this experiment. 
Heart ^Ij^cogen, however, suffered reduction in all cases (groups 5, 7, 9; table 2). 



Fig. 3. Blood sugar changes in 12-hour fasted rats exposed to anoxia (258 mm. Hg) for 
different time periods. 




Figs. 4, 5, 6, 7. Blood glucose changes in rats exposed to anoxia; repeated blood sam- 
plings during experimental period. See data on respective figures. 


Well-fed adrenalectomized rats exposed to 258 mm. Hg barometric pressure 
for 4 hours, with 7 periodic returns to sea level, demonstrated a continuous trend 
toward hypoglycemia (group 11, fig. 8). 

The usual effect of adrenaUn on the blood sugar (group 12, fig. 9) is annulled 
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TABLE 2 


Glycogen levels after anoxia 
(27,000 ft. for 4 hrs.) 



TIKE OF FAST 


4 hrs. 

16 hrs. 

50 hrs. 

Anoxic rats (each number is mean of 6 determinations) 

Liver 

1.13 

0.45 

0.26 

Muscle 

0.59 

0.43 

0.37 

Heart j 

0.40 

0.49 

i 

0.38 

Unexposed controls (each number is mean of 4 determinations) 

Liver 

' 1.22 

0.45 

i 

0,26 

Muscle 

0.56 

[ 0.47 

0.30 

Heart 

0.49 

0.65 

0.58 



Fig. 8. Course of blood sugar in adrenalectomizcd rats treated as indicated on graph. 
Fig. 9. Effects of adrenalin on rats during anoxic exposure, compared to non-anoxic 


cases. 



Fig. 10 Adrenalin administered to rats after a four-hour exposure to anoxia (27 ,m it.). 
(A) Effect of adrenalin immediately after anoxia and return to sea level. (B) Adrcnnhn 
injected after 45 minutes’ recovery- at sea level following anoxia. 
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by pre-exposure of the animals for 4 hours at 258 mm. barometric pressure (group 
13, fig. 9). Recoverj’’ of the normal adrenalin action requires over 45 minutes at 
sea level (group 14, 15; fig. 10). 

The blood-sugar ma^' l)e normal or high at the initial stages of ano.xic convul- 
sions produced by rapid exposure to a barometric pressure of 162 mm. Hg 
(group 16, fig. 11). In addition, about 20 per cent of the fasted animals exposed 
as in figures 4 and 5 died in convulsions after 2 to 3 hours of exposure. The blood 
sugar of these rats vas following the same course as others in the group up to 
the time of withdrawal, being between 60 to 70 mgm. per cent at the 120 to 130 
minute stage. 

Discussion. It is apparent that anoxia may produce coinjilex physiological 
effects, and many of these are reflected b 3 ’^ the blood-sugar changes. At least 
two considerations are of distinct interest, namel}^ a, the specific or direct 
chemical effects produced in the tissues by insufficient oxygenation, and b, the 
compcnsatoiy reactions which are set in operation bj’^ the anoxic disturbances. 
jMoreover, an animal which shows emotional and ply’^sical e.vcitement because 
of the rapid reduction in barometric pressure and the consequent respiratory 
difficulties ma^' show internal bodilj’- changes which are additional to the fore- 
going. 

The discrepant accounts in the literature of changes found in the blood-sugar 
level of anoxic animals are not surprising in view of the results reported here. 
Two types of exposure — continuous and discontinuous — were considered, and 
two different results have been obtained: in one (fig. 3), no marked change in 
blood sugar was produced after the hj^perglj’^cemia of the first 30 to 60 minutes; 
in the other (fig. 4), a definite and rather severe reduction was observed. The 
degree of fasting experienced by the animal is important in this latter respect. 
Rats exposed to anoxic conditions showed a, no marked changes when well fed 
(fig. 4); h, iLYpogtycemia if moderate^ fasted (figs. 4, 5), or c, no marked change 
after a prolonged fast (fig. 6). Acclimatization also inhibits anoxic blood-sugar 
changes (fig. 7). 

The initial rise in blood sugar within the first 30 to 60 minutes of exposure maj’" 
possibty be due to augmented acti\dty of the adrenal mechanism, as recognized 
bj^ previous investigators (3, 4, 6, 20). It was reported by Kellaway (13), 
however, that the initial sugar rise was not entirelj'^ accounted for by excitement 
of the animal, since it was obtained in anesthetized animals. Gellhorn and 
Packer (10) suggested that the blood-sugar level might be more sensitive to 
adrenalin during the preliminar}’' phases of ano.xia. Thus, the initial rise might 
be due to more than one factor, both emotional and chemical effects possibly 
contributing towards it. 

Much of the e'\adence rejDorted herein emphasizes further the importance of 
the adrenal mechanism in bodj’" regulations under low barometric pressures. 
Bilaterally adrenalectomized rats maintained on D.C.A. .showed an initial fall in 
blood sugar, instead of the rise found in normal animals. This result has also 
been established bj^ previous investigators (6, 18) under slightly different ex- 
perimental methods. Carboh 5 ^drate reserves or the mobilization forces are 
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apparently inadequate in the absence of the adrenal tissues. The possibilities 
of gluconeogenasis under anoxic conditions have not been considered in the 
present work. 

There is no marked difference in the cur\^e of blood sugar vs, time, shown by 
experimental rats which are simpl}'’ handled for blood sampling purposes, com- 
pared to those which are placed in a chamber which is rapidly evacuated to 258 
mm. and immediately returned to 760 mm., and the rats then handled and 
sampled (figs. 1, 2), 

The gradual but continuous reduction in blood-sugar level which is sho\\'n in 
figures 4 and 5 (when compared with fig. 3) appears to be due to anoxia, in addi- 
tion to either repeated excitement or repeated return to sea-level conditions, or 
both the latter factors. The usual reseiwes of glycogen erddently remain un- 
changed, as shorni bj’’ the figures in table 2, as well as by the relatively rapid 
recover}' to normal (fig. 5). 

The mechanism for relea.sing resen^'es by s}Tnpathico-adrenaI glycogenoly.sis is 
suppressed during anoxia, or at least greatly inhibited. Glycogenol>fi;ic mech- 
anisms are interfered with b}* the severe anoxia, and e\adently cannot maintain 
the normal blood-sugar level even though carbohydrates held in reser\'^e appear 
to be adequate. Under low oxj'gen tensions, reduced effectiveness of adrenalin 
is probably an important factor, but undoubtedly other considerations are in- 
volved. In this connection it may be observed that Feldman ei al. (G) and 
McQuarrie et al. (17) report that pancreatic production of insulin, as well as the 
normal effectiveness of this hormone, may continue even under severe ano.xia. 

"Well-fed animals do not suffer from hj'poglj'cemia such as that exliibited b}' 
mildly-fasted subjects. On the other hand, the liberation of blood .sugar from 
the gh'cogen depots would appear to require an easil}' accessible suppl}’’ of oxygen, 
for even these well-fed animals do not respond to adrenalin to the normal extent 
after expo.sure to ano.xia. The.se re.sults agree vith those of Gellhom and 
Packer (10). 

The blood-sugar levels of adrenalectomized and fasted unoperated animals are 
similar after the first 100 minutes of c.xpo.sure to 27,000 ft. altitude equivalent 
(figs. 4, 5, 8). E%adently the adrenal glands and/or their hormones are rendered 
nearly ineffective by severe anoxia. Giragossintz and Sundstroem (11) have 
suggested that severe anoxia presents .some aspects of cortico-adrenal insufli- 
ciency. It appeal's as though absorption of glucose may be associated ulth 
adrenal actiioty, since the adrenalectomized animals that were e.xposed were 
well fed up to the time of expo.sure, yet they suffered from liypoglycemia. This 
is unlike well-fed normal animals, which u.sually did not exhibit, markedly sub- 
normal blood-gluco.se levels. This subject is under inve.stigation. 

The fact that animals may be protected again.st anoxic hypoglycemia by feed- 
ing carbohydratc.s does not imply that they are protected again.st anoxia, prr .<?c, 
especially knee blood-sugar levels and anoxic convulsions have no veo' <:iose 
correlation (fig. 11). It may be that both .severe ano.xia and profound liypo- 
glyccmia would produce somewhat similar di.sturbanccs of normal life proce.'-sc.s. 
Both conditions may result in insufficient usage of carbohydrates. Accordingh , 
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overdosage of insulin, without regard to the oxygen tension, would produce 
commlsions followed by death. Thus, inadequate oxidation or utilization of 
carbohydrates may be the crux of both problems. 

SUMMARY 

Eapidly-induced, severe anoxia produces in rats a rise in blood sugar lasting 
for periods up to one hour. This is probably due to excitation of the sym- 
pathico-adrenal mechanism. The occurrence of hypoglycemia in adrenalec- 
tomized animals tested under the same conditions supports this hypothesis. 

Rats fasted for short periods up to 12 hours and then exposed to an anoxic 
atmosphere simulating 27,000 ft. altitude (258 mm. Hg) undergo severe hypo- 
gl 3 ’’cemia, although the carbohydrate stores remain adequate. 

The normal hyperglycemic action of adrenalin is not observed in rats which 
are injected after exposure to 258 mm. Hg for 4 hours, and the anoxia then 
continued. No significant improvement of the adrenalin-resistant' condition is 
observed until about 45 minutes after an animal has been removed from the low- 
pressure chamber. These facts shed some light on the hypogl 5 ’'cemic condition 
M’hich eventually develops in normal animals exposed to anoxia as described. 

Well-fed normal rats do not show the usual hypoglycemic reaction observed 
in moderatelj'-fasted animals exjiosed to 258 mm. Hg barometric pressure. 
Likewise, anoxia-acclimatized rats exhibited no severe changes in blood-sugar 
level during these anoxic exposures. 

The ultimate blood sugar values in well-fed adrenalectomized rats exposed to 
anoxia are lower than those of fasted unoperated individuals. This is further 
e^idence that in normal animals the adrenal glands or their hormones are at least 
partially incapacitated bj’’ severe anoxia. , 

^✓Hapid reduction of barometric pressure followed by rapid return to sea level, 
the whole exposure covering not more than 20 seconds, results in onlj’^ slight 
changes in the blood-glucose levels of moderatelj’^-fasted rats. 

Heart glycogen is significantly reduced by 4 hours’ anoxia at 258 mm. Hg 
barometric pressure. Under similar conditions liver and muscle glycogen levels, 
however, are found within normal limits. This suggests that anoxia may produce 
considerable strain on cardiac function. 

Blood-sugar levels maj’’ either rise, fall, or remain unchanged under anoxia 
(258 mm. Hg barometric pressure), according to experimental conditions. 
Effects apparently depend on the absorptive condition of the animal, length and 
degree of anoxic exposure, and also amount of pre-exposure or acclimatization. 
This may explain apparent discrepancies in the literature regarding the effect 
of anoxia on blood-sugar level. 

It may be stated that in general all normal, unoperated rats show hyper- 
glycemia during the first 60 to 90 minutes of exposure to barometric pressures 
(ca. 260 mm. Hg), followed by moderate hypoglycemia during the next 2 to 4 
hours. The late hypoglycemic phase does not appear, however, in well-fed or 
acclimatized rats. Adrenalectomized rats show progressive and eventually 
severe hypoglycemic responses when exposed similarly to anoxic conditions. 
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A^Tiile v/eli-fed animals dp not experience hypogl^Temia on exposure to anoxic 
conditions, they are frequently' not protected against convulsive seizures. 
Anoxic convulsions may indeed occur at any blood-sugar level within wide limits. 

Anoxic and h3^pogl3'-cemic convulsions may be essentially similar funda- 
mentally; po.ssildy they are referable to reduced oxidation or iitiiization of 
carbohydrate materials. 
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Since the introduction of the sulfonamide drugs as effective agents in the 
treatment of bacterial infection, a few undesirable reactions resulting from their 
use have been observed and arc undergoing investigation. Among these is the 
production of non-oxygen carrying blood pigments such as sulfhemoglobin or 
methemoglobin. Numerous reports may be found in the literature giving 
evidence that the above pigments are formed in the blood of humans and ani- 
mals by administration of sulfanilamide with, or vdthout, accompanying cyano- 
sis. However, in regard to other sulfonamides, little is available either regard- 
ing their- possible production of sulf- or methemoglobin or their effects upon the 
oxygen and carbon dioxide combining capacity of the blood. 

Chesley (2) in eight patients showing cyanosis during sulfanilamide therapy 
ruled out the possibility of sulf- or methemoglobinemia since measurements of 
the blood carbon monoxide capacity indicated all the hemoglobin to be in the 
active form. Harris and Michel (5), however, m a study of 476 patients, found 
methemoglobin present roughly in proportion to the amount of blood sulfanila- 
mide. Hartman, Peiiey and Barnett (6), using a spectroscopic method for the 
determination of methemoglobin reported they were able to demonstrate the 
presence of methemoglobin in every cj^anotic case receiving 0.1 ,gram/kgm. or 
more of the drug per 24 hours, with marked individual variations however both 
as regards rate and degree to which methemoglobin accumulates. Vigness, 
Watson and Spink (11) found methemoglobin in the blood of sulfanilamide- 
treated patients but in quantities believed too small to contribute appreciably 
to cyanosis. Webb and Kniazuk (12), employing a sensitive spectrophotometric 
method, reported that in rats receiving large daily doses of sulfanilamide a, variety 
of effects were observed: some animals’ blood contained either met- or sulf- 
hemoglobin; other bloods were normal; while in some animals an unidentified 
foreign pigment was observed. Wendel, Wendel and Cox (13), from combined 
spectrophotometric and gasometric analyses of blood in nine cyanotic subjects, 
reported the abnoimal color to be due for the most part to methemoglobin. 

Observations of the effect of the sulfonamides upon the oxygen-carrjdng ca- 
pacity or arterial saturation of the blood are few. lUng and Leslie (8) report in 
eight cases cyanosed after sulfanilamide therapy that a lowered oxygen content 
of arterial blood was not a significant factor. Mull and Smith (10), however, 
observed a sharp fall in oxygen content and capacity of the blood following treat- 
ment of a patient with sulfanilamide. 

The purpose of the present work was to study, primariljq the effect of single 
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therapeutic doses of various sulfonamides (sulfanilamide, sodium sulfapjoidine, 
sulfathiazole, sodium sulfadiazine, and sulfaguanidine) upon the oxygen capacity 
and arterial saturation of the blood and, secondarily, the effect of such doses 
upon the blood pigments and alkaline reserve. 

The experimental evidence in regard to the effect of the suhonaraides upon 
acid-base balance is conflicting. Marshall, Cutting and Emerson (9) have 
reported that sulfanilamide produces an acidosis in dogs, while more recently 
Free, Davis and Myers (4) have found that therapeutic quantities do not result 
in any marked change in the acid-base balance. 

Methods. Forty-one experiments upon eight normal dogs were completed. 
All experiments were performed upon animals Avhich had been fasted for at least 
12 to 16 houiH. The procedure followed consisted in first obtaining, by punc- 
ture of the femoral arterj’’, a blood sample for control analJ^ses of oxygen capacity, 
carbon dioxide combining capacity, arterial percentage saturation, and blood 
pigments. Single therapeutic doses (0.1 gram/kgm.) of the various sulfonamides 
were then administered orally and blood samples taken at one-half or one-hour 
intervals for the following five or six hours for determination of the blood sul- 
fonamide concentration and blood pigments. At the peak of the drug’s ab- 
sorption, as measured by the blood concentration, a second similar arterial 
blood sample was obtained and its oxygen capacity, carbon dioxide capacit}’-, 
concentration of blood pigment, and in some e.xperiments, the percentage ar- 
terial saturation' determined. 

■ Oxygen capacity and content were determined on the Van SJyke manometric 
apparatus according to the method of Van Slj'ke and O’Neill. Carbon dioxide 
combining capacity or alkaline reserve (T40) defined as “the COj content (in 
Volumes per cent) of oxygenated blood equilibrated at 37°C. at a pressure of 40 
mm. carbon dioxide” Avas determined by a method recommended by Horvath, 
Consolazio ■ and Dill (7). Oxj^gen capacity, defined as “the oxygen content 
(in volumes per cent) in oxygenated blood equilibrated at 37°C.at approximately 
40 mm. carbon dio.xide pressure and at 180 to 190 mm. oxygen pressure for fif- 
teen minutes” was also determined by the method recommended bj' Dill (7). 
Sulfonamides AA'ere determined by the micro photocolorimetric method of Brit- 
ton and Marsliall (1) and blood pigments (methemoglobin, sulfhemoglobin, 
and total hemoglobin) by the method of EA-^eiyn and Malloy (3). 

Experimental. The use of the aboA^e procedures and methods permitted a 
comparison to be made betAveen normal or control values of oxygen and caibon 
dioxide capacity, percentage arterial saturation and blood pigments and e.x- 
perimental Amines obtained Avhen the concentration of the Aarious sulfonamides 
in the blood aa-rs highest. 

In tables 1 through 5 the effects of the re.spective sulfonamides upon the oxygen 
and carbon dioxide capacity, arterial .saturation, and the percentage changes 
resulting in each experiment are presented. Mean percentage changes in 
oxygen capacitj" ranged from —4.1 A'olumes per cent AA'ith sodium sulfadiazine 
to — 9..5 A'olumes per cent Avith sulfaguanidine. Blood concentrations existing 
at the time of the second arterial blood sample are also reported and represent 
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tli6 iiigliGst concGntra,tioii attained, during the experiment. Four experiment's 
u'ere conducted to determine the normal variation in oxygen capacity of dogs^ 
blood under conditions similar to those existing during the drug experiments. 
These results are indicated in table 6. Physiological variation in oxygen ca- 
pacity in the normal dog during the course of a day probably does not exceed 
(±) 2-3 per cent; the greater changes determined (±) 4.8 per cent are doubtless 

TABLE 1 


Effect of stilfanilanude on oxygen and carbon dioxide capacity of blood (T^o) 


1 

DATE 

SUBJECT 

CONTROLS 

BLOOD 

EXPERIMENTAL 

CHANCES 

! 

1 


02 

T 4 O 


O 2 

T46 

Saturation 

02 


! 

1 


zoU. per 
cent 

vols. per 
cent 

mgm. per 
cent 



per cent 

per cent 

per cent 

2/28/42 

Dog D 

14.1 ^ 

43.3 ' 

6.6 

13.9 

44.9 

99.6 

-1.4 

-1-3.6 

4/ 2/42 

DogD 

18.1 


8.5 

16.4 


! 

-9.4 


6/ 3/42 

Dog J 

13.5 

41.5 

8.8 

12.7 

43.6 


—0.9 

-1-4.8 

6/ 6/42 

Dog D 

18.6 


14.1 

15.1 

41.0 


-18.8 


6/10/42 

DogG 

19.6 

40.0 

12.0 

19.6 

43.5 



-fS.O 

6/10/42 

Dog I 

14.8 

40.9 

10.7 

15.1 

‘ 41.0 



4-2.4 

6/17/42 

Dog J 

13.9 

41.4 

9.0 

15.6 

43.0 



-1-3.7 

6/17/42 

Dog G 

20.4 

38.5 

13.3 

18.0 

41.0 


-11.7 

-4-6.1 

Mean 

-4.3 

-1-4.8 


TABLE 2 


Effect of sodium sulfapyridinc on oxygen and carbon dioxide capacity of blood 


DATE 

SUBJECT 

CONTROLS 

BLOOD 

CONC. 

EXPERIMENTAL 

CHANGES 

O 2 

TiO 

O 2 

T4O 

02 

Tn 

7/29/41 
8/ 1/41 
8/19/41 
8/22/41 
9/ 9/41 
9/19/41 
10/30/41 

Dog B 
Dog A 
DogB 
Dog A 
Dog B 
DogB 
DogB 

rots, per 
cent 

22.2 

23.2 

26.7 

19.8 

23.5 

20.5 
23.1 

tots, per 
cent 

42.6 

41.0 

36.4 ' 

42.5 
40.4 

rngm. per 
cent 

7.7 

6.5 

9.8 

8.3 

9.8 

7.7 

6.8 

20.8 

20.0 

23.5 

17.6 
21.9 
19.4 
22.3 

38.6 

37.0 
39.2 

38.0 

per cent 

-6.3 

-13.8 

-12.0 

-11.1 

-6.8 

-5.4 

- 3.0 

per cent 

-9.4 

-9.7 

-f7.1 

-10.5 

Moan 

-8.4 

-5.6 



due to errors involved in gas analj'sis. iVIean percentage changes in tlie carbon 
dioxide capacity (T^o) varied from a —5.6 volumes per cent for sodium sulfa- 
pyridine to a 4-4.8 volumes per cent for sulfanilamide and sulfathiazole. 

Determinations of the blood pigments (methemoglobin, sulfhemoglobin, and 
total hemoglobin) made at frequent intenmls (one-half to one hour) throughout 
an experiment failed to reveal amounts which could be considered of physioT 
logical significance. The amounts of methemoglobin detected were quite small 
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and did not exceed 3 per cent of the total hemoglobin in an}' experiments. 
Sulfhemoglobin was detected onl}' in experiments in which sulfanilamide or 

TABLE 3 


Effect- of sulfalhiazolc on oxygen and carbon dioxide capacity of blood 


DATE 

SUBJECT 

CONTROLS 

BLOOD 

CONC. 

EXPERZifENTv^L 

OfANGK 



Oi 

T<, 

0; 


Saturation 

0; 

T<5 



rots, per 
ceni 

rots, per 
cent 

mgm. Per 
ceni 



per cent 

per cent 

per cent 

9/23/41 

Dog B 

23.0 

.39 

3.5 

20,1 

41.5 


-12.6 


9/30/41* 

Dog B 

22.0 

38.0 

7.7 


45.5 


-8.2 

4-15.1* 

10/ 6/41* 

DogB 

24.1 

.38.4 

5.2 


46.5 


-13.2 

-M7.4* 

12/ 2/41 

Dog B 

22.2 

43.7 

9.2 

22.0 

44.0 

93.8 

-0.9 

"T'O. i 

12/18/41 

DogD 

16.9 

40.4 

6.9 

16.7 

42.2 

95.8 

-1.8 

-i-4.3 

4/21/42 

Dog E 

12.3 

45.5 

7.0 

12.3 

43.0 


-0.0 

-4.2 

4/23/42 

Dog E 

lo-5 

43.5 

4 .5 

16.2 

42.5 


-r4.4 

-2.3 

4/27/42 

Dog G 

IS. 6 

36.6 

6.8 

18.4 

41.0 

95.5 

-1.1 

-MO. 7 

4/14/42* 

Dog D 

17.3 

39.2 

2.3 

17.1 

40.0 

96. 9 

-1.2 


5/13/42 

Dog! 

20.4 


0.3 

IS. 5 

40.2 


-9.1 

-1.5 

5/25/42 


mm 

1 

6.0 

14.2 


97.7 

-5.3 


Mean j 

-4.5 

J 

-(■4.8 


* Sodium salt, of sulfat iiinzolc. 


TABLE 4 


Effect of sodivw sulfadiazine on oxygen and carbon dioxide capacity of blood 


DATE 


CONTROLS 

] 

I 

BLOOD I 
CONC. I 

i 

1 

EXPERIMENTAL 

OIANCE 

SUBJECT 

Or 

Tto 

Satura- 

tion 

Or 

i T.r 

Satura- 

tion 

Oj 




i:ols. per 

- o!:. per 

prr \ 

m/m. per J 


} 


per cent 

} 

per cent 



rent 

rent 

ceni 1 

cent j 






10/ 3/41 

Dog B 

20.0 

42.8 

] 

5.9 j 

21.4 

42.9 


■i-G.o 

-1-2.3 

10/17/41 

Dog B 

21 .5 

49.0 

] 

6.0 ! 

18.9 

44.8 

97.8 

-12.1 

-8.6 


Dog B 

21.4 

44.5 

! 

S.7 1 

19.1 

45.0 


-10.7 

-M.l 

3/28/42 

DogF 

22.1 

43.8 

92.9 ] 

12.0 

22.8 

30.0 

88. 7 

-f3.0 

— 37.8 

4/17/42 

Dog D 

18.7 

43.5 


12.9 ! 

10.6 

42.5 

90.7 

-11.2 

-2.3 

4/17/42 

Dog G 


42.2 

1 

! 

4.0 i 

19.3 

42.5 

98.8 

1 

r, 1 

-fO.7 

4/29/42 

Dog E 

11.2 

40.0 


9.8 1 

10.3 

38.2 

94.0 

— 8.0 

— 4 .5 

5/ 2/42 

DogD 

18.0 

39.0 

5 

9.9 1 

17.8 

40.0 


— 1.1 

-4-2.5 

5/ 5/42 

Dog G 

20.5 

44.2 

97.5 j 

7.1 ! 

20.5 

43.0 

97.0 

0.0 

-2.7 

5/18/42 

Dog I 

18.8 

40.0 

t 

12.6 i 

19.2 

39.0 

97.3 1 

-b2.1 

—2.5 

.5/21/42 

Dog.I 

17.3 

41.0 

1 

8.2 ( 

14.9 

40.6 


-13.8 

— 1.0 

Mean. . . 






..... 




-4.1 

-3.0 


.sodium sulfapyridine were administered and the amount of .^ulfhemogloljin in 
any experiment did not exceed 2 per cent of the total hemoglobin. Since titeso 
finantitie.s r/f methemoglohin and sulfhemoglobiit are only .slightly greatoi than 
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the limit of sensitivity (0.2 gram per cent and 0.1 gram per cent for methemo- 
globin and sulfhemoglobin respectively) of the method employed, detailed re- 
sults of these determinations are not included. The observation that only small 
quantities of methemoglobin or sulfhemoglobin are produced by single dose.s 
of the sulfonamides in the dog is substantiated b}*^ the fact that in the majority 
of experiments onlj’- slight mean reductions (less than 10 per cent) in the oxygen 
capacity were observed. 

Percentage arterial saturation was determined in 17 experiments while blood 
concentrations of the various sulfonamides were at their ]Deak level. Assuming 

TABLE 5 


Effect of sulfagvanidtne on oxygen and carbon dioxide capacity of blood 


! 


CONTROLS 



1 EXPERIMENTAI, 

CHANGE 

DATE j 

1 

SUBJECT j 

1 




BLOOD 






g 


Satu- 

ration 

CONC. 

Oj 

T40 

Satura- 

tion 

Oi 




Tols. 
per cent 

Tols. 1 
per cent 

per cent 

mgm. 
per cent 

M 


per cent 

per cent 

per cent 

11/18/41 

DogB 

21.1 

mm 

94.8 

4.0 

wm 

41.5 


-12.8 

-3.5 

4/ 9/42 

DogG 

20.1 

■H 

94.2 

4.0 


40.5 


-7.5 

-1-0.9 

5/ 7/42 

Dog D 

17.3 

33.5 

98.0 

4.1 


1 31.0 

\ 95.5 

1 -8.3 

1 

-7.5 

■Mean 

-9.5 

-3.4 



TABLE 6 

Normal variations in oxygen capacity of blood 


DATE 

SUBJECT 

oxygen CABAaTY 

CHANGE 

Control 

5-6 hr. sample 



rols. per cent 

•sols, per cent 

per cent 

10/29/41 


22.6 

22.1 

-2.2 

5/27/42 


1S.5 

17.6 

-4.8 

5/29/42 


13.7 

14.4 

-f4.8 

6/ 1/42 


20.6 

20.4 

-*1.0 

AToot) . 

-0.8 




a normal arterial saturation of 96 per cent, only three e.x])eriments indicated any 
appreciable change from this value; two experiments with sodium sulfadiazine 
resulted in reductions of 7.6 and 5.5 per cent while one experiment with sulfa- 
thiazole resulted in a reduction of 5.2 per cent. 

Discussion. Evidence that methemoglobin or sulfhemoglobin is produced 
in human subjects by administration of sulfanilamide in therapeutic doses is 
rather convincing in view of the results reported by Hams and IMichel (5), 
Hartman, Perley and Barnett (6). Vigness and Spink (11), as well as Wendol, 
Wendel and Cox (13). Howeimr, the spectrophotomctric work of Webb and 
Ivniazuk (12) indicates that in rats receiving large doses of sulfanilamide a 
variety of blood effects resulted, some individual bloodscontainingmethemoglobin 
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or sulfhemoglobin, some remaining normal and others containing an unidentified 
foreign pigment. Results obtained by administering sulfanilamide to dogs, as 
presented in this paper, are in'general agreement u'ith these u’orkeis in that con- 
siderable individual va,riation was also observed in dogs in regard to the produc- 
tion of these pigments. However, the dosage used by Webb and ICniazuk (2.0 
grams/kilo-daily) was much greater than that used in the work reported here. 
ISio reports concerning the effect of suKonamides, other than sulfanilamide, upon 
blood pigments have been available to the Amter. In the dog with the dosage 
used (0.1 gram/kgm.) the other sulfonamides tested did not result in effects any 
different than those obtained Avith sulfanilamide. 

RelatiA'ely little evidence except the AA'ork of King and Leslie (8) and Mull 
and Smith (10) is aA'^ailable concerning the effects of any sulfonamide, except sul- 
fanilamide, upon the arterial oxygen saturation and capacity. With dogs there 
Avas considerable individual variation in response to a single therapeutic dose and 
this factor of individual response, as AA'ell as other experimental conditions, in- 
cluding particularl3’’ the dosage giA’’en, must all be considered in evaluating these 
apparentl 3 ' conflicting reports. 

By emploAung a constant dosage and sampling the arterial blood at the peak 
concentration of the sulfonamide the maximum effect of single therapeutic 
-doses upon the ox 3 ’-gen, and carbon dioxide capacit 3 '^ and arterial percentage 
-saturation Avas measured. The ox 3 'gen capacity was used as an index of the 
blood’s abilit 3 ’- to transport oxygen since the formation of an 3 " pigment in- 
capable of carr 3 ’’ing ox 3 'gen Avould consequent^' reduce this A-alue. As the re- 
sults of the preceding tables indicate, there is some individual A^ariation in regard 
to the effect upon oxygen capacity. There is no apparent correlation between 
blood leA’el of the sulfonamide and its effect upon the ox 3 ’^gen, carbon dioxide 
capacity' or percentage arterial saturation. Effects upon carbon dioxide capac- 
ity were also A'aried, due, to some extent, to use of both the sulfonamide as well 
as its sodium salt. Mean per cent changes in carbon dioxide capacity ranged 
from —5.6 A'olumas per cent for sodium sulfap3u-idine to 4-4.8 A'olumes per cent 
for sulfanilamide and sulfathiazole. These values may' be considered as physio- 
logically insignificant. Although Marshall, Cutting and Emerson (9), as pre- 
A'iously' mentioned, reported an acidosis in dogs resulting from sulfanilamide 
administration, Free, Davis and My'eis (4) more recently find that therapeutic 
quantities of this compound do not cause marked changes in acid-base balance 
and believe the former Avorkers used too large doses, causing marked respiratory 
and excretory dysfunction. The data reported in this paper are in agreement 
Avith those of the latter Avorkers in that no marked effect upon the acid-base 
balance of the dog resulted AA'hen single therapeutic doses AAcre administeied. 

The A'alues of the arterial saturation obtained at jx-ak Ica'cIs of the blood sul- 
fonamide concentration also failed to indicate any' significant reduction lesult- 
ing from the administration of these sulfonamides. 

SUMALVUY 

Single therapeutic doses of the .sulfonamide dings (sulfanilamide, sodium 
sulfapyridine, sulfathiazole, sodium sulfadiazine, and sulfaguanidine) pioduccd 
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small, but physiologically insignificant quantities of metliemoglobin or sulf- 
hemoglobin in the blood of dogs. 

Administration of single doses of these various sulfonamides resulted in a 
slight reduction in the blood ox3’’gen capacity, although individual responses 
varied. The mean per cent reduction ranged from 4.1 per cent with sodium 
sulfadiazine to 9.5 per cent with suKaguanidine. 

The effect of these sulfonamides upon the carbon dioxide capacity (T40) varied. 
Mean per cent changes in carbon dioxide capacity ranged from —5.6 volumes 
per cent for sodium sulfapyridine to a +4.8 volumes per cent for sulfanilamide 
and sulfathiazole. 

The percentage arterial saturation was not significantly altered in fourteen 
experiments. In three experiments reductions of arterial saturation occurred, 
the maximum being 7.6 per cent. 
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Traumatization of the muscle masses of the hind limbs has been used frequently 
as an experimental procedure for inducing shock in the dog. The extensive 
swelling of the traumatized legs indicates an appreciable local loss of fluid. In 
fact, Blalock and associates (1), Pareons and Phemister (2), and others, have 
presented good evidence that this local fluid loss is .sufficient in itself to produce 
shock. However, other factors than simple loss of blood volume may also be 
contributing to the shock condition. 0’Shaughnes.sy and Slome (3) showed that 
trauma applied to legs isolated from the body except for nerve connections 
produced fatal .shock, a finding confirmed in essence by Lorber, Kabat and Welte 
(4). Also thej'^ obsen’ed that blocking the nerve pathways from the traumatized 
legs, as by .spinal section or spinal anesthesia, delaj'ed the onset of .shock (3). 
A similar protective action of spinal anesthesia was noted by IMeek (5) and by 
the writers (6) employing a different type of shock. Recentb’- Freedman and 
Kabat (7) showed that when the local fluid loss following seA'ere muscle trauma 
was curtailed b}’’ tight bandaging of the injured legs, shock still followed. The 
evidence would appear suggestive that nociceptive stimuli from the traumatized 
areas might be contributing significantl 3 ' to the initiation of the shock condition. 
The problem is bj' no means settled, however, since several groups of investigators 
(8-10) have been unable to obtain evidence implicating the nervous sj'stem in 
shock following muscle trauma. 

Several modified muscle trauma techniques have recentl}^ been adA^anced 
Avliich, Avhile still sufficient to cause fatal shock, do not nece.ssitate breaking of 
bones and pulping of muscles. For instance, Kendrick, Essex and Helmholz 
(11) and Best and Solandt (12) have used about 1500 rapid bloAvs with a rubljer 
mallet to the flexor muscles of each hind leg. The latter have concluded that 
the local fluid loss Avas not sufficient to account for the death of the animal. 
Neither, hoAvever, was there evidence that the shock produced was neurogenic 
in origin (13). Gregereen and co-workers (14’f have modified this technique even 

A The v.-ork described in this paper %vas done under a contract, recommended by t(ie 
Committee on Medical Research, between the Office of Scientific Research and Development 
and Princeton University. 

• Upjohn Research Fellow. 

^ We are indebted to Dr. M. I. Gregersen for the opjmrtunity of visiting his laboratory 
and witnessing an experiment. 4 lie blood pressure and blood concentration d.atn jirr- 
senied in thi.s paper for the control series of dogs arc to be rcgardcfi as confirming as jet 
unpubli-shed work first done in Doctor Gregersen’s laboratorj-. We are eoncprned here 
primarily with the effect of nerve block upon shock. 
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further, so that a fewer number of blows, with a light mallet, delivered to all 
faces of the thigh muscles, produced fatal shock. This relatively mild muscle 
trauma procedure ivas adopted by the writers for a study of nervous influences 
upon the induction of shock. 

Methods. The traumatic procedure duplicated as nearly as jiossible that 
used by Best and Solandt (12) as modified by Gregersen (14). The animals 
were anesthetized vith ether, the hair removed from the liind legs, and 400 to 
800 blows, distributed over all faces of each thigh, delivered with a 200 gram 
rawhide mallet. The skin was bruised but not ruptured, and no bones were 
broken. Blood pressures were taken by fi-equent intra-arterial punctures, so 
that the number of blows could be governed by the level of blood pressure 
reached. The mean arterial pressure was reduced to 70 mm. Hg or lower before 
the trauma was stopped, for it has been our experience that when the post-trauma 
pressure was significantly above this level, fatal shock might not follo-w. Since 
in the animals subjected to spinal anesthesia prior to the trauma, the blood 
pressure was already reduced well below normal, the number of IjIows to be given 
could no longer be governed by the blood jircssure level. An attempt was made 
to give these animals a greater degree of trauma than that required to produce 
fatal shock in the control animals. Likewise, in animals on which tourniquet.*^ 
had been placed prior to the trauma, the degree of trauma to be administered 
could be only estimated. 

Following the trauma the animals were securely tied on their backs in a cradle, 
allowed to recover from the ether anesthe.sia, and maintained in this position 
until death occurred or for a total length of 7 hours. Hematocrit (capillary tube 
in air turbine), hemoglobin (Newcomer), and serum protein (falling drop) 
measurements "were made at selected intervals. 

T. Control scries. In a series of 15 dogs subjected to leg trauma all but one 
developed fatal shock.'' The 14 (or 93 per cent) animals exhibiting shock died 
in 2 to 8 hours following completion of the trauma, the average interval being 4 
hours. The procedure induced a decline from an average initial mean ju-cssurc 
of 116 mm. Hg to 64 mm. Hg. After completion of the leg pounding and upon 
recovery from anesthesia, the arterial pre.ssure rose slightly to an average of 
75 mm. Hg. This level was then maintained for several horn’s. A decline to 
50 or 40 mm. Hg occurred some hoiu’s before death (fig. 1). 

As sho^^■n by the representative protocols in table 1, hematocrit, hemoglobin 
and serum protein levels did not deviate significantly from the pre-trauma levels 
at any time during the exj^eriment. These findings arc in agreement with 
unpublished observations of Gregei'sen and co-workei’s (14). 

II. Effect of 'pos^ition on the elevclopmcnt of fatal shock. All animals in the con- 
trol sorie.s were tied firmly on their backs throughout the experimental period — an 
admittedly most unnatural position for the dog. It seemed not only possible 
but ju’obablo, therefore, that such a position so long maintained might be actually 
conducive to the <levelopment of fatal shock. A second series of 12 dogs Were 

* Recently the control scries ha.s been enlarged to a total of 37 dogs of which 33 or SO 
per cent died in shock 4 to 0 hours after trauma. 
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traumatized in the usual manner, and then replaced in their cages immediately 
foIIo\\ing trauma. Upon recovery from anesthesia, these animals sat or stood 
erect; some even walked about in their cages. Of this series of 12 dogs, 3 showed 
uneventful recoveries, the sur\dval of 4 more was prolonged— even as much as 
24 hours in one case, and the remaining 5 died in the usual four hour period. 
Those animals vdnch recovered were allowed water after the eighth hour, which 



THAVMA 


tlME IN HOURS 

Fig. 1. Blood pres-sure changes folloTvdng muscle trauma 

they took acidly. There was a significant hemodilution by the twenty-fourth 
hour, which Avas to be e.xpected considering the amount of water ingested. 

The evidence is suggestiA'e, therefore, that the severity of the .shock was les.s 
in this series in Avhich the animals were allowed to resume normal position after 
the trauma than in the previous series in which the animals were maintained on 
their backs. 

III. BJfcct of 'prolonged spinal anesthesia in preventing shock. Evidence 
collected by several investigators suggests that muscle trauma to the legs may 
induce a flow of nociceptive stimuli from the injured area to the higher conXers 
which contribute to induction of the .shock .state. An adequate level of spina! 



NERVOUS FACTOR IN SHOCK INDUCED BY jMUSCLE TRAUMA 


493 


anesthesia, especially if maintained over the critical hours following trauma, 
should block passage of nervous impulses and thereby prevent shock. To test 
this possibility a series of 12 dogs was placed under ether anesthesia, and just 
previous to leg traumatization, a dose of 1.8 to 3 cc. of a 2 per cent procaine 
solution, the exact amount being governed by the weight of the dog, was injected 
into the spinal canal usually at the level of the 3rd-4th lumbar vertebrae. 

The ether anesthesia Avas discontinued following trauma, but additional 
procaine injections were made when a suggestion of leg or tail reflexes appeared. 
The spinal anesthesia Avas maintained for 3 to 4 hours, AA^hich usually required 
2 to 3 additional injections. The dogs AA^ere kept on their backs, so that the 
mortality should haA’^e been of the order of 90 per cent or greater. Actually, 10 
of the 12 animals shoAA'ed none of the characteristic symptoms of shock and 
recoA^eiy aars uneARntful. Even the tAA^o animals AA^hich died AARre not clear cut 
failures, for both shoAARd complications not associated AAflth shock. The evidence 
AARs quite conAuncing that prolonged spinal anesthesia effectiARly preA’-ents shock 
resulting from muscle trauma of the type described. 

The arterial pressure aars loAARred from an aARrage of 120 mm. Hg to 75 mm. 
Hg by the spinal anesthesia (table 1, fig. 1). The trauma caused an additional 
decline to an average of 54 mm, Hg. In the first hour after trauma, as u'ith the 
control series, the pressure rose from this IoarI to an average of 84 mm. Hg. 
Unlike the controls, Iioiarari-, the dogs giARn spinal anesthesia shoAARd no sec- 
ondary fall in blood pressure, and by the fifth hour the mean artei’ial pressure had 
attained normal IoarIs (fig. 1). The dogs aarir remoARd from the cradle at the 
end of the seventh hour, placed in their cages and permitted to take AARter. 

The dogs given spinal anesthesia shoAARd significant increases in hematocrit, 
hemoglobin and serum protein levels. For example, the hematocrit level rose 
from an initial aARrage arIuo of 45.1 per cent to 47.8 per cent during the first 
hours folloAATng trauma, and to 49.7 per cent by the time the animals aarir 
replaced in their cages. After AARter aars taken this concentration aars rapidb'’ 
lost. Serum protein concentration aars not so marked but in the same direction. 
During the first Iaar hours folloAAing the trauma, protein concentrations shoAARd 
a rise from 6.51 to 6.73 grams per cent. There aars little further change in the 
later hours of the experiment. 

IV. Effect of 'pressure anesthesia in preventing shock. When the circulation in 
an extremity is complete^ occluded, as by a tight tourniquet, the limb is para- 
lyzed both AA'hile the constriction is in place and for some time thereafter (15). 
The nei’AR block induced by such constriction, due in part to actual compression 
and in part to the effect of prolonged anoxia, aar shall, for the sake of brcAuty, 
term “pressure anesthesia.” 

To test the effect of pressure ancsthe.sia in prcARnting the fatal shock resulting 
from muscle trauma, heaAy AARlled rubber tubing 12 mm. in diameteri aars 
tightl}' tied high around each hip. On the basis of a series of preliminary 

® It Avas erroneouslj’' stated (This Journal 138: 156, 1942) that the diameter of the tubing 
used as tourniquets Avas 120 mm. instead of 12 mm. 



TABLE 1 


Prevention of shod: following muscle trauma by means of prolonged spinal anesthesia, pressure 
anesthesia, and local procaine infiltration of the traumatized areas* 


TlilE 

BLOOD 

PBES- 

StTBE 

PCTLSE 

BEITATO- 

CRIT 

HEMO- 

CLOBIS' 

SEIttliJ 

PROTEIK 

REMARKS 




Dog. 1. 

15.7 kgm. Control 

! 

mm. Hg 1 

per 

minute 

per cent 

grams \ 
per cent \ 

grams 
per cent '[ 


10:00 a.m. 

109 

156 

44.4 

14.5 

6.46 

Under ether anesthesia 

10:4.5 a.m. 

72 

i 120 

i 



Completed 500 blows to each leg 

11:45 a.m. 

To 

i 130 

43.1 

14.5 

i 6.63 


1 :45 p.m. 

49 

196 

44.1 

14.6 

6.83 

Weak, extremities cold, died at 


1 

1 




2:15 p.m. 


Dog 2. 13.6 kgra. Spinal anesthesia 


9:45 a.m. 

118 

130 

I 43.0 

17.5 

6.15 

Under ether anesthesia. Given 

10:25 a.m. 

11 :00 a.m. 
12:15 p.m. 

i 

55 ' 
101 
123 

152 

144 

148 

j 

54.1 

1 

22.3 

7.35 

2.5 cc. 2% procaine intra- 
spinalb' 

Completed 500 blows to each leg 
Given 1 cc. procaine intraspinailj' 
j Given 1.5 cc. procaine intra- 

3:45 p.m. 

120 

184 

i 52.7 : 

‘ 25.2 

7.35 

spinally 

Recovered from spinal anesthesia 

9:30 a.m. 

■ 120 i 

t 

13tl 

44,2 

18.0 

6.20 

Took food, water, recovered 


Dog 3. 11.8 kgm. Pressure anesthesia 


9:45 a.m. 

134 

216 

45.1 

14.5 

5.99 

Under ether anesthesia. Tourni- 







quets placed on both hind legs 

10:25 a.m. 

142 

ISO 




Completed trauma of 550 blows to 
each hind leg 

11:45 a.m. 

■1 

144 




Removed tourniquets 

1:00 p.m. 1 

■1 

180 

48.2 

15.7 

7.24 


Dilo p.m. 

! 85 ■ 

148 

55.5 

18.1 I 

7.17 

Given water 

9:45 a.m. 

1 

130 i 

120 I 

46.7 

15.0 

6.47 

Appears normal, recovered 


Dog 4, 

9.1 kgm. Procaine inhltration of both hind legs 

10:00 a.m. 1 

130 

120 

54.8 

19.5 

6.02 

! Injected 5 cc. 4% procaine into 

1 

1 





‘ each leg 

10:35 a.m. 

70 

97 




i Completed trauma of 500 blows to 




1 


each leg 

11:20 a.m. 

76 

100 


i 


Injected 2.5 cc. procaine into each 






leg 

12:40 p.rn. 

83 

140 

1 



Injected 2.5 cc, procaine into each 






log 

1:15 p.m. 

08 

170 

55.6 

19.9 

G.19 

Injected 2.5 cc, procaine into each 

1 





leg 

1 :45 p.m. 

103 

i 176 

j 



Injected 2.5 cc. procaine into each 






leg 

.5:30 p.m. 

I 103 

; 164 

50.0 

20.0 

6.46 

Given water 

0:30 a.m. 

! no 

1 1 

39.4 

13.8 

6.22 

Appears normal, recovered 


* Representative c.nses from each experimental group. 
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experiments, it was concluded that: a, the tourniquets must be applied some 
time before traumatization; h, that they would have to remain in place for 1 to 2 
hours after the traumatization, if a nerve anesthesia sufficient to prevent the 
development of fatal shock was to be obtained. As a routine procedure, there- 
fore, the tourniquets were applied 30 minutes liefore trauma, and maintained for 
a total period of 2 hours. Of 12 dogs so treated, 7 showed no symptoms of shock 
and recovered. Four more seemed well on the way to recovery when they were 
removed from the table after 7 hours, but showed sudden fatal collapse at about 
the 20th hour after the trauma. The survival period of these animals must be 
regarded as definitely jirolonged . The single remaining dog died in shock 5 hours 
after trauma. 

The blood pressure changes observed in animals subjected to pressure anes- 
thesia differ quite distinctlj'- from those of the control series. During the time 
the tourniquets were in place, when circulation through the traumatized legs 
was presumably completelj'’ occluded, there was no reduction from normal 
pressure levels. When, after If hours, the constrictions were removed, an 
abrupt pressure fall to about 85 mm. Hg followed vfithin 2 to 3 minutes. It 
seems obvious that the initial pressui-e decline evoked bj’^ the leg trauma is 
directl 3 ’' related to the reduction in blood \-olume through sequestration of blood 
in the traumatized areas (fig. 1). 

Once the pressure has fallen, upon release of constrictions, to 80-85 mm. Hg, 
there is little further change for a period of several hours, followed b}'’ a slow 
gradual rise to nonnal, levels. Apparentlj’- the 2 hour interval during which the 
tourniquets were left in place was too brief. It must be remembered, however, 
that a constriction of both legs of dogs for 5 hours leads to an almost ini'ariable 
fatal shock in itself (15). The tourniquet period could not be greatl}’’ increased, 
therefore, without actually contributing toward the severitj’’ of the shock. 

The shock state following release of tourniquets is marked b}’’ an extreme rise 
in hematocrit, hemoglobin and serum protein levels, and a comparable fall in 
plasma volume (15). It was therefore only to be expected that the animals 
with tourniquets applied in conjunction with the muscle trauma should show 
blood concentration changes. For example, b}”^ the 5th hour after trauma, the 
hematocrit level had increased from an average initial value of 45.4 to 56.G per 
cent, the hemoglobin from 15.4 to 18.6 grams per cent, and the serum protein 
from 6.2 to 7.1 grams per cent. There appeared to be no essential difference in 
the extent of these changes between the animals which died in shock and those 
wliich i-ecovered (table 1). 

V. Effect of extensive procaine infiltration of the leg 7mtsclcs in preventing shock. 
An obA’ious and simple method for producing an anesthesia of the neiwe elements 
in the traumatized legs would be a thorough infiltration with a local anesthetic 
of the area to be subjected to trauma. Procaine solutions of three strengths 
were used for this purpose, multiple injections into the thigh muscles, es])ecially 
in the region of the major nen'es, being made prior to the trauma and at 45 
minute intervals. Local anesthesia was maintained for .3 to 4 hours, which 
required a total of 10 to 15 cc. of the procaine solution for each leg. In the first 
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3 animals, a 2 per cent procaine solution was used. Two of the three died in 
shock at the 6th and 11th hour after trauma, while the third showed an un- 
eventful recoverjL The strength of procaine solution was then increased to 3 
per cent for 3 more dogs, two of wliich also died in shock, and the third recovered. 
For a series of 10 additional dogs, therefore, a 4 per cent procaine solution was 
employed. Seven of the 10 showed few if any signs of shock and recovered. 
At least two of the three animals which succumbed exhibited marked general 
S 3 "stemic effects of a procaine overdosage. 

Although the rise in blood pressure from the level reached after trauma was 
relativel}’’ slow (fig. 1), it was, in those animals which recovered, uninterrupted 
until normal pressures had been reached. There was a small increase in hemato- 
crit (from 52.2 to 55.2 per cent), in hemoglobin (17.8 to 19.0 grams per cent) and 
in serum protein (6.5 to 7.0 grams per cent) in the first hours following trauma. 
These changes were in the same direction as those observed in the dogs given 
spinal anesthesia (table 1). 

Discussion. The muscle trauma procedure employed produced fatal shock 
in 93 per cent of the control animals.'* The survival period was never longer 
than 9 hours, and Avas usuallj^ about 4 hours. The muscle bruising leads to a 
pooling of blood in the injured areas, despite the absence of hematocrit change. 
The evidence appears suggestive that the precipitous decline in blood pressure 
during the actual traumatization is a consequence of this local fluid loss. At 
least, thej-e is no pressure i-eduction so long as the circulation to the braised legs 
is occluded by means of tight tourniquets, and an abrupt pressure fall does 
follow release of those constrictions. 

Another additional factor would be that suggested by^ seA'eral workers, auz., 
that injurj’’ to nenmus structures in the traumatized areas ma}’’ be sufficient to 
induce a general circulator^’’ failure. The data presented here afford good 
eiddence for the realitj’ of the nenmus factor in shock A\hich follows the tj’pe of 
trauma used. Prolonged spinal anesthesia, Avhich should prei’ent nociceptive 
stimuli from the injured legs from reaching the higher centers, not onh’’ prei^ented 
all .sj^mptoms of shock but allowed indefinite surviA’-al in 83 per cent of the cases. 

The obA'ious critici.sm that because the spinal anesthesia itself loAvered the 
blood pressure, the local fluid loss resulting from the given amount of trauma 
AA'Ould be lass extensive than in the control animal with normal pressure level, 
seems met by the experiments Avhere local blocking of the nerves was obtained 
either bj' means of pressure anesthesia attendant upon the application of tight 
tourniquets, or through infiltration of the area to be injured with a strong 
procaine solution. In both, the blood pressui-e Avas at normal levels prior to 
trauma. It is trae that neither of these procedures could give a protection 
against shock as complete as that afforded Ija' spinal anesthesia. For c.xample, 
a tAvo hour period of constriction Avas .sufficient to allow successful recoA'ery in 
58 per cent of the cases, and definitely prolonged the survival period of 33 per 
cent more. Prolonged anesthetization of the limb ly frequent injections of 
pi'oeaine prcA'ented .shock in 70 per cent of the cases. 

The rapid local fluid loss Arhich folloAA'S the release of toumiqirets after a longer 
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Iieriod of time, and the general s.ystemic effects of procaine overdosage which 
followed the use of relatively large doses of procaine, served as critical limiting 
factors for the two procedures. It is quite possible, therefore, that the lower 
protection of the two measures against shock, as compared with that furnished 
by spinal anesthesia, was merely a reflection of an inadequate anesthesia level. 
However, the fact that either pressure or local anesthesia can prevent circulatory 
failure in a good proportion of cases, and that spinal anesthesia affords almost 
complete protection against shock, seems good evidence for the existence of a 
nervous factor in this t3"pe of shock. 

Probablj' neither nociceptive nervous stimuli nor local blood loss, considered 
separately", are sufficiently damaging to induce the severe shock characteristic 
of the type of muscle trauma employ^ed in these experiments. However, when 
the effects of the nervous factor are superimposed upon the local fluid loss and 
resulting blood volume decline, fatal shock almost invariably" results. 

SUMMARY 

1. Traumatization of the muscles of both hind legs by" 800 to 1600 blows with 
a light rawhide mallet, in which the skin was not ruptured nor bones fractured, 
produced fatal shock in 14 of 15 control dogs. The survival periods ranged from 
2 to 8 hours, with an average of 4 hours after the completion of the trauma. 

2. A^ffien the animals were replaced in their cages to resume a normal posture 
after the trauma, instead of remaining tied on their backs in a cradle, the mor- 
tality of a series of 12 dogs u'as reduced to 75 per cent, and 4 of this series showed 
a definite prolongation of the survival period. 

3. Spinal anesthesia, maintained for 3 to 4 hours, prevented all symptoms of 
shock and allowed uneventful recoveries in 10 of 12 animals. 

4. A local anesthesia of the legs by means of pressure (tight tourniquets) 
maintained for a 2 hour period, protected 7 of 12 dogs against shock, and mark- 
edly" prolonged the survival of 4 more. 

5. Thorough infiltration of the areas to be traumatized with a 4 per cent 
procaine solution, repeated frequently over a 3 to 4 hour period, in-evented fatal 
shock in 7 of 10 dogs. 

6. The evidence indicates that a flow of nociceptive stimuli from the trauma- 
tized regions, unless prevented by" spinal anesthesia or a local lilock, is an 
important contributing factor in the initiation of the shock state which follows 
the ty"pe of muscle trauma employed. 

7. The nervous factor taken in conjunction with the loss of blood into the 
injured area almost invariably" produces shock, but it is improbable that either 
factor considered apart from the other, is sufficient to induce a fatal outcome in 
the ty"pe of trauma employ"ed. 
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The development of tacl^ypiiylaxis to renin follotWng prolonged, severe hemor- 
rhagic hypotension was oliserved in a previous study (1) . We suggested that the 
impaired responsiveness to injected renin was due to exhaustion of renin-substrate 
(hypertensinogen, renin-activator) resulting from the liberation of relatively large 
amounts of renin by the animal’s own kidneys. It was Icnown that in hemor- 
rhage the kidney is responsible for the appearance of a renin-like pressor sub- 
stance in the blood, which acts as a compensatory mechanism to sustain blood 
pressure (1, 2, 3, 4). The subsequent development of tacliA’-phylaxis to renin was, 
therefore, considered as a possiljle contributorj' factor in the development of 
shock. The present investigation confirms our previous suggestion. 

Methods. Preparation of samples. Samples from the cannulated femoral 
artery were immediately centrifuged for a standard tune. Care was taken to 
avoid even slight coagulation. The importance of such care in the perfused 
rabbit’s ear has been emphasized by Landis, Wood and Guerrant (5). Further- 
more, defibrinated blood or serum contracts isolated intestine (6,7). The sample 
was withdrawn directly into a dry .syringe containing liquid Connaught heparin 
(20 to 40 units per cc. of blood). It may have been unnecessary to exclude 
coagulation in our samples, wiiich were heated, since Greeley (G) states that 
boiling destroys the power of defibrinated blood to contract intestine. Precau- 
tions were taken against hemolysis. In order to minimize changes occurring 
m vitro in the renin-angiotonin system, the samples were prepared at once. 
Plasma for the assaj' of endogenous angiotonin (hypertensin) was heated for 6 
minutes in a water bath at 90°C. to destroy all knonm components of the renin- 
angiotonin system except the thermostable angiotonin. Acetic acid to make a 
final concentration of 0.12 per cent was added. After mixing, the fluid portion 
was separated by centrifugation. In the determination of renin -substrate 
(hypertensinogen) a standard quantity of renin was added to the plasma, and the 
mixture was incubated for 6 minutes at SS^C. in a thermostaticallj" controlled 
water bath. The subsequent procedures were the same as described for angio- 
tonin, and renin-substrate was estimated b^”^ the amount of angiotonin formed. 
A short period of incubation was selected in order to minimize destruction of 
b 3 ’’pertensin (angiotonin) bj* hypertensinase (8). Except in early experiments 
renin available from the S. M. A. Corporation (hog renin extract no. 1000 con- 
taining- 10 pressor units per cc.) was employed in amounts'of 0.04 cc. per cubic 

1 This investigation was aided by a grant from the John and Mary R.Markle Foundation. 

- A preliminary report has been presented in Federation Proceedings 2: 7, 1943. 
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centimeter of plasma. This concentration of renin was an excess, for doubling 
the amount did not increase the yield of angiotonin from normal dog’s plasma. 
Control tests showed that the renin did not contain sufficient hj'pertensinase to 
influence the assays. 

In a few experiments in the determination of hj^iertensinogen (renin-sub- 
strate), preliminary destinction of hj^pertensinase was accomplished by the 
method of Leloir, Munoz, Braun-Menendez and Fasciolo (9). Immediately 
after adding renin, the pH of the plasma was adjusted to 4.2 using brom phenol 
blue. After 20 minutes at 2o°C. and subsequent return of the pH to about 7.5, 
the plasma was incubated for 15 minutes at 38°C., and then heated at 90°C. 
for 6 minutes. 

All samples v.-ere refrigerated until time for bio-a.ssay, which was usually per- 
formed on the following day. The pH was adjusted by means of phenol red to 
approximately 7.5 immediately preceding assay. This completel}^ prepared 
material will be referred to subsequently as prepared sample. 

Inactivation of adrenalin. Adrenalin affects all the test objects used in this 
study, namely, the perfused rabbit’s ear, the intact animal, and the ileum of the 
guinea pig. Adrenalin when added to angiotonin reduced the response from the 
ileum. Also adrenalin in plasma was resistant to a temperature of 90°C. for 
6 minutes. 

An attempt therefore was made to inactivate adrenalin in the prepared sample.s. 
Hydrogen peroxide was unsuitable, for it (or possibly the contained pre.senntive) 
affected the ileum adversely. Formaldehyde is known to inactivate adrenalin 
(10). Adrenalin added to fluid obtained from normal heated plasma was in- 
activated in less than one hour by formaldehyde in a concentration of 40 y per 
cc. (experiments on the intact animal and on the perfused ear). Furthermore, the 
reduction by adrenalin of the response of the ileum to angiotonin (in the prepared 
sample for the assaj* of renin-.substrate) was abolished by formaldehA'de. None of 
the .3 te.st objects was affected adversely, nor did they reveal any inactivation of 
angiotonin even after its e.xposure to fonnaldehyde for about 5 hours. Potential 
endogenous adrenalin, therefore, was inactivated in the prepared .sample.? by the 
addition of formaldehyde (40 y per cc.) an hour or more before assay. 

Methods of bio-assay. In te.sts on the ileum of the guinea pig many of the 
recommendations made by Code (11) for the a.s.say of hi.stamine were followed. 
The inte.stinal segment was immersed in a volume of appro.vimateb' 15 cc. of 
Tyrode’s solution (containing 0.2 per cent dextrose). The solution was aerated 
with o.xygen, and wa.s kept at 38=C. by a thermostatically controlled, stirred water 
bath. Since atropine sulphate was employed (1.0 y per cc. of Tyrode’s solution), 
there was little or no rhythmic activity, and comparison of re.sponsG.s was greatly 
facilitated. One cubic centimeter of the prepared sample was adequate for a 
single test of endogenous angiotonin, and 0.1 to 0.2 cc. for the assay of renin- 
s\d>slrate. The latter samples were diluted 1:5 or 1 : 10 with Tyrode's .solution. 

All material was warmed to 38"C. before te.sting. ^Multiple te.sts were made of 
each .‘•ample, and usually one sample was chosen as a .standard for compari.-on 
with others of the .same type. The loading of the intestine was sometimes 
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changed between assa 3 '-s of different types of samples. TiTiile this method re- 
quired a rigidly controlled technique, it jdelded reproducible results, and was 
more sensitive and dependable than the other types of bio-assay. 

The results are expressed in the tables as the height of the excursion of the 
lever on the drum, and are in most instances averages of several responses. Al- 
though the sensitivitj'' of the muscle varied, the results expressed in this manner 
closely approximated the finer comparisons alwaj’^s made between crucial samples. 
It must be emphasized that the data should be considered onlj’’ for directional and 
rough quantitative changes. 

In some experiments the intact animal was used for assa 5 ^ Details will be 
given later. 

Assays also were made on the isolated rabbit’s ear perfused bj’’ the teclmique of 
Page (12) with the Ringer-Locke’s solution (containing calcium) recommended 
by him. The amount of prepared sample injected was 0.2 cc. Several ears were 
employed for each experiment. 

Procedures in dogs. Unless otherwise noted the dogs were anesthetized vdth 
morphine and sodium barbital as advised by Wiggers (13). Mean arterial blood 
pressure was recorded from the carotid artery vfith a mercurj'^ manometer. Al- 
though variations were introduced in manj'’ experiments, the procedure outlined 
by Wiggers and his associates (14, 15, 16) for the production of hemorrhagic shock 
was generally followed. The animals usually were subjected to a period of 
moderate hypotension (ca. 50 mm. Hg) and to a subsequent period of severe hy- 
potension (ca. 30 mm. Hg). When necessar}’’, the animal’s ovm blood containing 
5 units of Connaught heparin per cubic centimeter was reinfused at body tem- 
perature. Volumes of blood vfill be expi-essed as cubic centimeters per kilogram 
of bod}’’ weight. Since large amounts of blood were required for samples, dem- 
onstration of irreversibility by reinfusion of all withdrawm blood was not possible. 

Bilateral nephrectomy and bilateral adrenalectomy were performed through 
the retroperitoneal approach. Adrenalectom}’’ when purposely accompanied by 
light anesthesia and by excessive stimulation of surrounding nervous tissue v’ill 
be called iraumaiic adrenalectomy. In other cases deeper anesthesia was used, 
nervous stimulation was minimized, and electro-coagulation was emplo 3 ’’ed. 

Results and discussion. I. Assays on Ileum. A. Experiments on nephrec- 
iomized dogs. In 5 of the 7 control experiments on bilaterally nephrectomized 
dogs, possible complications in the assa}’’ due to adrenalin were avoided either b}’’ 
treatment of the samples with formaldeh 3 '^de or by bilateral adrenalectomy. 
Essentially the same results were obtained regardless of control of adrenalin. In 
spite of severe prolonged hypotension, there was a progressive and marked in- 
crease in renin-substrate in all except one of the animals (table 1). In dogs 
without hemorrhage an increase of hypertensinogen (renin-substrate) has been 
observed 48 hours following nephrectomy (8). It is of interest that we observed 
definite increases in these bled dogs at earlier times (4 hrs. in one case). 

In experiment 26 there was an earty and progressive decrease in renin-substrate. 
The anesthesia used in this experiment was morphine and chloralose. Appar- 
ently under certain conditions renin-substrate ma}’^ diminish in the absence of the 
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TABLE 1 

Assays of plasma from bled nephrectomized dogs 

Periods of blood pressure are placed in consecutive order. The greatest total loss of 
blood existing at anj' one time in a period and the blood returned in that interval are given. 
The response of the ileum obtained in the assay of renin-substrate (RS) or angiotonin (A) 
refers to a sample taken at the end of the corresponding period. 


rxp. 

KO. 


BLOOD P 


IfAX. 

BLOOD 1 

ILEUlf 

II 

rxp. 

I 

IIAX. 

TIJIE 

BXOOD 

RE- ! 




BLOOD P tute 

1 

BLOOD 



LOSS 

rCB^IED 

RS 

A 

ii 

so. 

LOSS 


BLOOD 

BE- 

■n:E>.T:D 


JLECir 


RS 


Xephrectomized dogs 


1 mm. Hi 

tr.tti. 

cc. per 
kgm 

ce. per 
kgm. 

mm. 

mm. 

! 

mm. Ht 

min. 

u. per 
ktm. 

cc. per 
hzm. 

mm. 

vtm. 

21 j Nephrectomj' 




i 26 

Nephrectomj' 




120 


0 

0 

25 

4 

j 

131 


0 

0 

30 

2 

83-120 

70 

25 

0 



/ 

90-131 

43 

20 

0 



j 61- 62 

56 

30 

0 

30 

2 il 

6 I 

46- 68 

31 

30 

0 

20 


1 38- 52 

34 

35 

0 

31 

30- 50 

207 

43.2 

15 

13 


1 16- 20 

10 

39 

0 

41 

4 


12- .32 

40 

32.3 

13.5 

10 

1 

1 12- 24 

40 


0 

51 

3 i 


Alorphine-chloralose; marked 


i 

! 





1 

i 

» 


intestinal lesions 





Nephrectomized dogs (adrenalin inactivated Kith formaldeh 3 ’de) 


78 


100 1 i 0 

0 

31 

15 il 81 

116 


0 

0 

14 

27 

Ncphrectomj* 



j| 

Nephrectomy 




99 1 [ 5.3 

0 

37 

15 j 

9S 


5.6 

0 

22 

20 

60- 96 41 ; 30 

0 


!i 

86-102 

67 

30 

0 



40- 60 1 134 1 33 

4 

27 

25 ji 

24- 56 

93 

35 

8 

60 

31 

14- 36 1 35 ! 34.3 

9.3 

59 


22- 38 

98 

33.4 

8.4 

78 

20 

Last sample taken at death; mild !i 

Marked lesions 




intestinal lesions 



il 








Nephrectomized adrcnalcctomizcd dogs 


OZ I 


i 123 i 

i 0 1 

0 i 34 


0 

ll 

’! 50 

103 i 


0 

f 

1 0 

I 37 

22 

i Nephrectomy and adrenalectomy 


ii 

i 

Xephrectomy and adrenalectomy 

72-122 i 

26 j 25 I 

0 1 



SI- 92 I 

63 

4.4 

' 0 


’ 24 

1 

1 34- 47 ' 

63 ! 30 

9 i 


1 

1 

30- 60 

94 

10 

0 



1 44- 48 1 

41 ! 23 ! 

4.5 


0 

I 

2.5- 30 1 

31 

10 

0 

49 

22 

\ 40- 43 ! 

44 i .20.5 i 

0 1 


1 

! 

16- 22 j 

17 

16. 6 

4.2 

63 


! 26- .34 1 

r?3 i 22.5 1 

7 1 64 


1 

; 

16- 25 i 

5 

14.6 

0 


1 Marked lesions i 

* l 

1 

} 



1 

Marked lesions 





27 I Nephrectomy and adrenalectomy 


130 1 


0 

i ° 1 

21 

2 t! 

89- 91 1 

I 50 ; 

10 

I 0 i 

26 

2| 

79- SI I 

j 12 i 

13 

! 0 1 


!•! 

.50- 68 

j 45 ] 

23 

® I 

23 

2 1 

2.3- 40 1 

IS i 

30 

i 0 1 

51 

I !■ 


Morphinc-chloralosc; no lesions 


kidney.?. It i.s po.s.?ible that severe hypotension may di.sturb the production or 
mobilization of this constituent. 
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Tile usual increase in renin-substrate probablj’^ explains the average potentiated 
response to injected renin obtained in nephrectomized dogs following hemor- 
rhagic hypotension in our earlier study of tach 3 TDh 3 daxis (1). Experiment 26 
is of interest because in this previous study some animals failed to show po- 
tentiation. 

Assays of endogenous angiotonin revealed no significant change (table 1). 
Relatively constant nonspecific responses were observed. These were large in 3 
experiments due to unusually light loading of the ileum. A small increase of 10 
mm. occurred in one instance, but an isolated change of this magnitude is of 
doubtful significance. One sample, taken at death after the administration of 
adrenalin and artificial respiration, gave a markedh' increased response. Assa 3 'S 
of angiotonin from such samples are questionable, and have been routinel 3 ' 
discarded . 1 1 .should lie noted that none of the samples was obtained more than 7 
hours following nephrectom 3 '. Tliese findings present a striking contmst to 
those obtained from intact animals, which with iDut few exceptions showed 
marked initial increases (tables 2-5). 

B. Ex'perimcnts on dogs retaining their kidneys. Ten of the 15 intact dogs and 
3 of 10 adrenalectomized dogs showed significant reductions of renin-substrate 
(h 3 'pertensinogen) below the initial level (tables 2-5, fig. 1). The preliminaiy 
increase, which often occurred following hemorrhage, will be discussed later. 
Our data do not permit an accurate evaluation of the minimum effective intensit 3 ^ 
and duration of h 3 ’'potension necessaiy to reduce renin-substrate invariabl 3 ". 
There was a wide variation among dogs. In experiment 73 (table 3) renin-sub- 
strate was exhausted after a h 3 ’potension at 30 to 58 mm. Hg lasting 106 minutes. 
In experiment 77 (talile 3) renin-substrate was not decreased despite a moderate 
ly^jotension (45-56 mm. Hg) lasting 98 minutes and a subsequent drastic 
lypotension (25-33 mm. Hg), 157 minutes in duration. In experiment 30 
(table 2) mild h 3 ’’potension for about 10 hours did not deplete renin-substrate. 
An initial period of moderate h 3 qDotension (ca. 50 mm. Hg) lasting about 90 
minutes was not general^ adequate. A further period of more intense hvqio- 
tension was required. Reduction in renin-substrate was not related to the 
amount of blood lost (in cubic centimetere per kilogram of bod 3 ’' weight). The 
above findings rather close^v parallel those obtained hy AViggers and his colla- 
borators with I’egard to the develojiment of irreversible hemorrhagic shock (14, 
15, 16). At autops 3 ’’, most of the animals showed the characteristic lesions of 
the mucosa of the upper- intestines, emphasized recenth' ly AAfiggers. 

Four dogs were subjected to a preliminaiy single bleeding of 20 to 25 cc. per 
kgm. After an interval of 15h to 20^ hours angiotonin was not demonstrahle, 
while renin-substrate, in the 2 cases where measurements were made, was 
markedly increased. The results following subsequent bleeding and h 3 ’potension 
were most interesting. Three of the animals showed unusuall 3 ' earl 3 ' reductions 
in renin-substrate or endogenous angiotonin (table 5). Reduction in angiotonin, 
as will be pointed out later, follows depletion of renin-substrate. For example, 
in experiment 34 serious depletion of renin-substrate occurred after 58 minutes of 
lypotension at 38-56 mm. Hg. 

It did not seem probable that endogenous adrenalin was likely to interfere in 
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assays of renin-substrate. Only 0.1 to 0.2 cc. of the prepared sample was used 
for a test, and the amount of angiotonin relative to adrenalin should have been 
enormously increased by the incubation with renin (assuming the presence of 

TABLE 2 

Assays of 'plasma from bled intact dogs (no inactivation of adrenalin) 

The arrangement and symbols are like those of table 1. Determinations of renin- 
substrate involving destruction of hypertensinase are listed under 'RSh. Experiments in 
which a balloon was introduced into the incised small intestine either by opening the 
abdomen (balloon) or by incising a BiebI loop (Biebl) are indicated. 

































EENIN-AXGIOTOKIX SYSTEM IN HEMORRHAGIC SHOCK 


505 


TABLE 3 


Assays of plasma from bled inlacl dogs {adrenalin inaelimled by formaldehyde) 
The abbreviations of tlie preceding tables are used. Assays made on the intact cat 

are included 



Fig. 1. Examples of responses of the ileum to prepared samples from expcriment72 
(table 3), Adrenalin inactivated rvith formaldehyde. 

Ilenin-substrate assay; A = initial sample; B = final sample; dose — 0.14 cc. diluted to 
0.7 cc. 

Angiotonin assay: C = initial sample; D = final sample; dose — 1.0 cc. Time interval 
— 30 seconds. 

Yith formaldehyde and shoeing reductions in renin-.substrate elicited the same 
responses from the ileum as the corre.sponding untreated samples. It is con- 
cluded that adrenalin did not interfere .significantly in the assay of renin-sub.strate. 
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TABLE 4 

Assays of plasma from hied adrcnaleclomized dogs 


The arrangement of the preceding tables is followed. The determinations of renin- 
substrate involving destruction of hypertensinase and assays on the intact dog are included. 
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In many of the experiments it was necessary to return blood. It might be 
supposed that the observed decreases in renin-sulistrate were due to changes 
which had occurred in this blood. However in some experiments diminutions 
occurred vdthout the return of any blood; in others no diminution occurred 
despite the return of blood, hloreover, assays of blood returned showed that 

TABLE 5 

Assaijs of plasma from hied intact dogs subjected to a preliminary hemorrhage 
The sj'mbols of the preceding tables are employed. RSpff indicates determinations 
of renin-substrate in which the pH w-as adjusted with the glass electrode. The dogs were 
narcotized with morphine for the preliniinary bleeding. 
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its content of renin-substrate was not diminished. Instead it was increased 
probably due to the fact that part of the blood had been collected during the 
early period when renin-substrate was increased. With few exceptions samples 
were not collected less than 20 minutes follo^^^ng the return of blood. 

It seemed possible that increased amounts of h 3 ’pertensinase, by causing ex- 
cessive destiTiction of lij'^pertensin (angiotonin) during the incubation with lenin, 
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might have been responsible for the reductions obseiA’^ed in the assay of hyper- 
tensinogen (renin-substrate). Although plasma contains only a minimal amount 
of hjTDertensinase (17, 18), hemoh’-zed erythrocytes contain about 100 units per 
gram (17). Progi’essive hemoh-sis was observed frequently in our dogs, particu- 
larly following the return of blood. Accordingly measurements of hj^ierten- 
sinogen involving preliminary destruction of hypertensinase Avere made. The 
potency of these samples Avas greater, and smaller dosage or heaAuer loading of 
the ileum A\-as emploA^ed. The results in general paralleled those obtained from 
samples prepared in the usual manner (tables 2 and 4). 

Since the optimum pH for the actiAuty of renin lies between 7.5 and 8.5 (8), 
changes in the blood tOAA'ard the acid side, lcnoA\-n to occur in hemorrhage (19), 
might have diminished the jneld of angiotonin during the incubation AA-ith renin, 
and hence haA'-e giA'en an apparent decrease in renin-substrate. The e.vperiments 
just cited, in AAhich hA'pertensinase A\'as destroA-ed, discount this possibility' since 
the pH AA'as adjusted to about 7.5 prior to incubation with i-enin at .38°C. Other 
experiments in Avhich the pH of the plasma AA'as adjusted by means of indicators 
also suggested that this factor aa'es of no significance. One experiment AA'as 
performed using the glass electrode at 28°C. Portions of the samples of plasma 
AA'ere adjusted to a pH AA-ithin 0.02 of 7.0. Assays made AA'ith adjusted and unad- 
justed samples gaAm similar results (table 5, expt. 80). 

Thus the diminutions observed in renin-substrate are not artifacts. The 
obserAmd depletions correlate A\'ell AA'ith preAious obserratioas on the development 
of tachyphylaxis folio AA'ing hemorrhage. In this previous study^ (1) test doses 
of renin AA'ere giA'en prior to hemorrhage, and morphine and chloralose AA'ere used 
as an anesthetic. These facts may' explain the dcA'elopment of tachyphylaxis 
folIoAA'ing hypotension less scAmre or less prolonged than usually' AA'as required to 
reduce renin-substrate in the present experiments. 

I’STa' does a reduction in renin-substrate occur? Exhaustion by' endogenous 
renin appears to be the most obA'ious and important factor. SeA'ere hy'potension 
may' interfere AA'ith the production or mobilization of renin-substrate. Shifts of 
fluid or protein betAA'een plasma and intei'stitial fluid are likely' to be inA'oh'ecl. 
Finally there remains the possibility that changes in hy'pertensinase or in other 
ie.5s AA'ell-knoAA'n factors operating zn vivo may be concerned. Diminution of 
renin-substrate may' haA'e .significance in relation to the treatment of shock. 

In almost half of the animals an early' ri.se in the concentration of renin-.'-ub- 
strate AA'as obserA'cd, and in the remainder this change may' haA'e been missed by 
faihire to take samples at the proper time. The reason for this intere.-;ting 
])henomenon is obscure. It might be ascribed to increased endogenous angio- 
tonin in the samples. This explanation does not .eecm entirely' adequate in A'iew 
of the respective amounts needed for the assay of endogenous angiotonin and 
renin-substrate (I.O cc. as against 0.1-0.2 cc.). IMoreover elevations of renin- 
.substrate occurred before significant increasc.s in angiotonin Avere dernonstnible 
(tables 4 and 5). Increase in renin-.'^ubstratc possiI)ly may serve as a compensa- 
tory mechanism heightening the cfTectiA'eness of renin. 

Ch.anges oi>scrA'ed in endogenous angiotonin may Ijo seen in tables 2-5 .and 
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are illustrated in figure 1. With but few exceptions, angiotonin was dem- 
onstrable after the period of moderate hypotension (ca. 50 mm. Hg). Increases 
also were observed follondng relatively mild or short hypotension. For example, 
in experiment 30 (table 2) a marked increase was apparent although the blood 
pressure had not been below 100 mm. Hg (the blood loss was 40 cc. per kgm. of 
body weight) ; in experiment 24 (table 2) angiotonin was demonstrated after a 
period of 60 minutes during which the blood pressure had been reduced from 118 
to 63 mm. Hg. We have made no attempt to determine threshold values. 

The effect of adrenalectomj’’ upon the behavior of the renin-angiotonin system 
is an interesting problem. It is possible that' the secretion of adrenalin in 
hemorrhage or in other conditions enhances the output of renin by altering renal 
circulation. In half of the adrenalectomized animals, the rise in angiotonin was 
small or absent (table 4). In the remainder, however, apparentl}’’ normal 
changes occurred. The data also suggest that depletion of renin-substrate 
occurs less readily than in normal dogs. A final decision of this interesting 
question must await further mvestigation. Little hemorrhage was required to 
produce the hypotension in dogs subjected to traumatic adrenalectom3’’, and yet 
diminution in renin-substrate and increase in angiotonin could occur. 

In some cases after the initial increase, there was a secondaiy decrease in 
endogenous angiotonin. The data indicate that this fall follows depletion of 
renin-substrate. The possibility for interference b3’- endogenous adrenalin ap- 
pears greater in assays of angiotonin than in those of renin-substrate. However, 
in experiment 74 (table 5), in which adrenalin was inactivated by formaldelyde, 
a marked secondar3’' decrease occurred. In the same experiment assays of the 
last 2 samples made with and vdthout formaldeh3’’de 3d elded identical results. 
That a decrease in angiotonin (lypertensin) should result from exhaustion of 
renin-substrate seems obvious. Other factors, such as increase of lyperten- 
sinase, also may be concerned. 

II. Other Methods 'of Assay. Assa3’^s were made on intact animals 63' deter- 
mination of the change in blood pressure resulting from the injection of the 
undiluted prepared sample into the femoral vein. The responses obtained were 
angiotonin-like in character. Possible complication from adrenalin was avoided 
b3'’ adrenalectom3' or b}" forraaldeh3"de. In assa3’' on the cat atropine sulphate 
was employed (f or 1 mgm. per kgm. of bod3’’ weight subcutaneous^'), and 
volumes of 1 cc. and 10-15 cc. respective^’’ wei’e used in the assa3' of renin- 
substrate and angiotonm. Determinations of renin-substrate were done at 
least in duplicate. Assa3’s of angiotonin also were made on the intact dog using 
a volume of 15 to 20 cc. for injection and in this case simultaneous^ withdrawing 
the same volume of blood from the femoral arteiy. Difficulty was experienced 
in obtaining significant responses in the assa3’ of angiotonm particular^' in the 
dog. Increase in angiotonin and depletion of renin-substrate were demon- 
strated (tables 3 and 4). The results confirmed those obtained on the ileum 
with the same material. 

Corroborative evidence was obtained with the perfused rabbit’s ear, although 
in our hands this method proved less reliable and less sensitive than the ileum. 
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Frequently changes demonstrable by the latter ivere not detected by the ear. 
Otherwise, parallel results were obtained by the two methods. In the case of 
the ear, determinations of renin-substrate were more satisfactoiy than those of 
angiotonin. 

Assays were made on the ear in the 3 experiments in which both bilateral 
adrenalectomy and bilateral nephrectomy had been performed. No increase in 
vasoconstrictor activity was observed in samples prepared for the assay of 
angiotonin. In all 3 experiments increases of renin-substrate, paralleling those 
shown by the ileum, were obtained. In experiment 26, performed on a nephrec- 
tomized animal retaining its adrenals, a decrease of renin-substrate was indicated 
b 3 ’' both methods. 

The ear was used in 3 of the experiments performed on intact dogs and in- 
volving the use of formaldehj'-de. In 2 instances increasas of angiotonin were 
observed. In the third experiment no increase was detected although it was 
demonstrated by the ileum. Decreases in renin-substrate were observed in all 
3 experiments, and confirmed assay's on the ileum. 

The ear also was emploj'ed in the experiments on adrenalectomized animals. 
Increasas of angiotonin, confirming those demonstrated by the ileum, were ob- 
tained in 2 of the G experiments in which observations were made. In 4 instances 
no increase was demonstrable, but the increasas in the responses of the ileum were 
either small (14 mm. or less) or absent. Assa^^s of renin-substrate were made on 
the ear in 6 of the experiments. In 2 instances increases in renin-substrate were 
obsen'ed, and confirmed assaj's on the ileum. In 3 experiments no change could 
be detected, but either no alteration or onh’’ a slight decrease was indicated by 
the ileum. In one experiment no change was observed on the ear despite the 
demonstration of a marked increase by the ileum. 

III. Speci/icity of (he Assays. There is strong ewdence that the changes dis- 
cussed above represent alterations in angiotonin and renin-substrate rather than 
in nonspecific con.stituents. 

Pos.sible errors in the assaj* due to changes in adrenalin, hj'pertensinaso, or pH 
either have been eliminated or have been .shovn to be in.significant. Parallel 
changes have been demonstrated vith 3 different test objects. 

That the substance causing the increased respon.ses in the assay's of endo- 
genous angiotonin was actuallj" angiotonin is indicated by the following facts: 

1, like angiotonin, this substance was thennostable; 2, it was not inactivated Iw 
a concentration of formaldeln^de of 40 7 per cc.; 3, it was active in the presence of 
atropine sulphate in the concentration u.scd; 4, it was not demon.strable in .sam- 
ples from bled bilaterally nephrcctomizcd dogs; 5, it posses.scd pharmacological 
actions identical with those of angiotonin on the ileum of the guinea pig, on the 
blood vessels of the isolated rabbit’s ear, and on the blood prc.ssure of the intact 
dog or cat. 

Page (7) recently has reported the presence of a vasoconstrictor .substance in 
dog plasma during shock induced by hemorrhage and other proceduro.s. ^ The 
.substance was found to originate in neither the kidneys nor the adrenals. 'J'hat 
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we did not encounter such a substance may be explained perhaps by variations 
in technique. The following differences may be noted : our routine use of heated 
rather than unheated samples of plasma; the employment of heparin in place of 
citrate; the use of calcium-containing Ringer’s fluid instead of calcium-free 
solution. Page does not record experiments in which bilateral nephrectomy and 
bilateral adrenalectomy had been performed in the same animal. The failure to 
obtain contraction of the isolated rabbit’s ileum is puzzling. In our experiments 
the ileum of the guinea pig was contracted most consistent!}’’ li}'- heated plasma 
from bled intact dogs. 

Summary. Dogs anesthetized Avith morphine and barbital were subjected to 
hemorrhagic hypotension. Modifications of the procedure of Wiggers and his 
associates for the production of hemorrhagic shock were employed. Endogenous 
angiotonin (hypertensin) and renin-substrate (hypertensinogen) were detennined 
semi-quantitatiA'-el}' in plasma b}^ bio-assay on the ileum of the guinea pig, on the 
perfused rabbit’s ear, and on the intact animal. Complication of the assay by 
endogenous adrenalin Avas excluded by bilateral adrenalectomy or by inactiA’’ation 
of adrenalin in the samples by formaldehyde. Changes in hypertensinase or in 
pH did not cause significant error. 

Observations concerning renin-substrale. 1. Six of 7 recently nephrectomized 
dogs, 3 of AA'hich also AA'ere adrenalectomized, showed progressive increases in 
renin-substrate during hypotension. 

2. A preliminary increase in renin-substrate frequently A\’as observed early in 
hemorrhage in both intact and adrenalectomized dogs. A similar increase Avas 
seen in 2 intact dogs about 20 hours folloAAung a single bleeding of 20 to 25 cc. 
per kgm. of body AA'^eight. This phenomenon may constitute a compensatory 
mechanism in hemorrhage. 

3. FolloAAung AJ^arying periods of hypotension significant reductions in renin- 
substrate Avere observed in 10 of 15 intact dogs. The degree and duration of 
hj’potension required to cause depletion of renin-substrate varied markedly in 
individual animals, and cannot be accurately eA^aluated at this time. A period 
of modei’ate hypotension (e.g., ca. 50 mm. Hg for 90 min.) folloAved by a period 
of drastic hypotension (ca. 30 mm. Hg) aars required in most animals to produce 
significant reductions in renin-substrate. A hemorrhage of 20 to 25 cc. per kgm. 
of body AA^eight about 20 hours preAuous to the hypotensiA^e period AA’as associated 
AA'ith reductions in renin-substrate folloAving less seA'-ere hypotension. 

4. Reduction in renin-substrate AA'as obserA'^ed in 3 of 10 adrenalectomized dogs 
folloAA'ing hypotension. The data suggest that reduction may occur less readily 
than in intact dogs. 

Observations concerning endogenous angiotonin. 1. Nephrectomized dogs 
subjected to hypotension failed to shoAv .significant rises in angiotonin-like sub- 
stance. 

2. Bled intact dogs consistenth' shoAved increases in a substance AA'hich con- 
tracted the ileum of the guinea pig, elevated blood pressure in dogs and cats, 
.and caused A^aso constriction in the rabbit’s ear. This substance is presumed to 
be angiotonin. 
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3. A secondary fall in endogenous angiotonin occurred subsequent to depletion 
of renin-substrate. 


COXCLUSIOXS 

Angiotonin (bypertensin) increases in the plasma of dogs subjected to hemor- 
rhage. Renin-substrate (h 3 ’-pertensinogen), often after a preliminar}'^ increase, 
is reduced if the hjqjotension is of sufficient intensity and duration. Follo^ving 
exhaustion of renin-substrate there is a secondarj’’ fall in angiotonin, 

Achnov)Udgments. The authors "WTsh to express their appreciation to Dr. 
Irvine H. Page for suppljdng the renin used in preliminary experiments and to 
Dr. Howard W. Robinson for the determinations with the glass electrode. 
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In pre\-ious work b3' Hot'e, Elvelijem and Hart (1) on the significance of boron 
in the nutrition of the rat tliere was some indication that the 3’^oung of mothers, 
which were fed a bo’on low ration, were better able to survive the nursing period 
when the mothers were fed added amounts of boron. The results obtained b3" 
the above authors also indicated that the addition of boron to a basal diet which 
contained 155 micrograms of boron per kilo did not result in better growth. The 
data presented in this paper involve (1) the preparation of a ration which would 
provide a lower lioron intake than that previous^' used, (2) a stud}’" of the effect of 
boron on the growth rate of rats, and (3) an extension of data on the influence of 
the level of lioron on tlie sur\dval of 3mung rats through the nursing period. 

Experimext.vl. Preparation of Rations. Ration A. Since an extension of 
the reproduction studies of Hove and co-workers was desired, ration A was pre- 
pared exactl}" as the one used b3’- those workers. It contained 155 micrograms of 
boron per kilo- and had the following composition: 


Acid precipitated casein IS 

Sucrose 69 

Salts 3’ 4 

Liver extract powder (1-20) 4 

Corn oil 4 

IVheat germ oil 1 

Thiamine 2 gamma/gram 

Halibut liver oil 1 drop/week 


Ration B. In an attempt to prepare a ration containing less boron than that 
alread3'' described, the casein, sucrose, salts and liver extract powder of ration A 
were purified in the following manner: 5 cc. of S3wup3’^ phosphoric acid and 200 
cc. of meth3d alcohol were added to 100 grams of the material to be purified. 
This suspension was placed on a hot plate and the meth}^ alcohol evaporated off. 
The addition of alcohol and the evaporation procedure were repeated 3 to 4 times 
to drive off boron as the volatile meth3d borate. 

Published with the approval of the Director of the Wisconsin Agricultural Experiment 
Station. Supported in part by grants from the Wisconsin Alumni Research Foundation. 

3Vc are indebted to Merck and Compan 3 '’, Inc., Rahwaj’’, New Jersej', for the crj'stallinc 
vitamins; to Wilson Laboratories, Chicago, for the liver powder and to Abbott Laboi’atories 
for halibut liver oil. 

- The boron analj’sis was carried out by a method described by Berger and Truog (2). 

^ The salt mixtiu'C was composed of NaCl, 167.5 grams; K 2 HP 04 , 322.5 grams; CaHPO^- 
2 H 2 O, 75.8 grams; MgS 04 - 7 Ho 0 , 102 grams; CaCOs, 300 grams; Fe-citrate, 27.5 grams; KI, 
O.S gram; MnS 04 , 1.75 grams; ZnCL, 0.25 gram; and CuS04-5H20, 0.30 gram. 
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ERtion B had the same composition as ration A, but had a boron content of 25 
micrograms per kilo. 

Ration C. Ration C which still contained 25 micrograms of boron per kilo was 
prepared by substituting synthetic B vitamins for liver extract powder and com- 
mercial sucrose for the purified sucrose in ration B. The composition was as 
follows : 


Purified casein. . . 
Purified salts 3. . 

Sucrose 

Corn oil 

Choline 

Thiamine 

Pyridoxine 

Flavin 

Pantothenic acid 
Halibut liver oil. 


18 

3 

77 

2 

0.1 

. . 2 gamma/gram 
. .5 gamma/gram 
.2 gamma/gram 
10 gamma/gram 
1 drop/week 


Ration D. Ration D which consisted of 55 per cent lard and contained 155 
micrograms of boron per kilo had the following composition : 


Lard 

Labco casein 

Sucrose 

Purified salts 3. , 

Choline 

Flavin 

Thiamine 

Pyridoxine 

Halibut liver oil 


55 

24 

15 

6 

0.5 

10 gamma/gram 
.4 gamma/gram 
10 gamma/gram 
1 drop/ week 


Growth studies. Only two of the rations listed above were satisfactorj*^ for these 
studies, since rations B and C did not support the growth of rats. The animals 
failed to grow when fed ration C even after the purified casein had been washed 
with re-distilled water. This point will be discussed later. 

Experiment 1. Twenty-six young rats from the reproduction experiment.s 
produced bv’’ mothers on the low boron basal ration were kept on ration A. Half 
of them were given 100 micrograms of boron as sodium tetraborate in 100 cc. of 
drinking water (approximately 40 micrograms per da3'). 'llie rate of growth was 
followed bv' recording the weight of the rats at the beginning of the experiment 
and at each week for the next six weeks. 

Added boron had no effect on the growth rate of these rats as .shown in table 1 . 
Since the ration contained 155 micrograms of boron per kilo and the daily food 
intake of a growing rat was nearer 10 grams than the 5 grams assumed by Hove 
et al., the rats on the basal diet received a daily intake of approximately 1 .5 
micrograms of boron. 

Experiment 2. The animals in this experiment (40 in number) were transferred 
together with their mothers from a milk diet to ration D when the young were 14 
davs old. Wdien the young rats reached the age of 21 days they were divided info 
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two groups. One received the basal ration D plus 100 micrograms of boron as 
sodium tetraborate per 100 cc. of drinking water. The other group continued to 
receive the basal ration. Records of the dailj’^ consumption of the diet showed 
that 4 grams per rat supplied all the requirements and gave fair growth (22-25 
grams per week) . The partial substitution of the lard for sucrose did not change 
the boron content from that found in ration A (a high carbohydrate ration). 
The daily intake of food was lowered and, consequently, the daily boron intake of 
rats on the high fat basal ration was decreased to a level of about O.G microgram 
per rat. 


TABLE 1 

Growth of rats on the boron low ration A 
with and without added boron 


Growth in grams per claj' through a 
6 weeks period 


MALES 

FEMALES 

Low boron 

Added 

teron 

Low 

boron 

Added 

boron 

3.0 

3.2 

2.3 

2.8 

3.5 

3.G 

2.3 

2.1 

3.1 

3.9 

2.6 

2.8 

2.4 


2.6 

2.9 



2.1 

2.4 



2.4 

2.4 



2.3 

2.3 



2.7 

2.4 



2.4 

2.9 



2.0 


Aver 3.0 

3.6 

2.4 

2.6 


TABLE 2 

Groivth of rats on the low boron high fat 
ration D with and without added boron 


Growth in grams per day through a 6 
weeks period 


MALES 

• 

FEMALES 

Low boron 

Added 

boron 

Low 

boron 

Added* 

boron 

3.3 

2.9 

2.4 

2.4 

3.7 

3.5 

2.7 

2.4 

3.0 

3.0 

2.9 

2.9 

3.6 

3.0 

2.6 

3.1 

3.6 

3.0 

2.1 

2.7 

2.7 

i 3.1 

2.4 

1.6 

2.7 

2.6 

3.2 

2.3 

2.7 

1 2.9 


2.7 

3.1 

3.5 


2.9 

2.9 

2.5 


2.9 

3.6 

3.9 

i 



i 3.7 



Aver 3.2 

3.1 

2.6 

2.7 


The results of the growth rate of rats during a six weeks’ growing period are 
recorded in table 2. Here again the addition of boron to the low boron liasal diet 
did not result in better growth. 

Reproduction studies. Fifty-four 200 gram female rats were fed mineralized 
milk for one month, then placed on the boron low basal ration A. After 3 weeks 
they were divided into two groups, one being continued on the basal ration, while 
the other group received the basal ration plus boron as sodium tetraborate. This 
was added to their drinking water at a level of 100 microgi'ams of boron per 100 
cc. (appix)ximatel 3 ' 75 micrograms of boron per da^')- A group of males, which 
had received the boron low ration for two weeks, was placed witli the females. 

Pregnant rats were isolated and after the birth of their j'oung, the litters weie 
reduced to G or 7 and gi\'en to the mothers to muse until weaning time 21 days 
later. The number of rats and the per cent weaned were recorded. A total oi 
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97 litters was obtained from 54 females. The females receiving the basal ration 
plus boron produced 56 litters and gave a reproduction or weaning efficiency' of 
49.5 per cent. The females recei\’ing only the basal ration produced 41 litters 
and gave a weaning efficiency of 50 per cent. The complete data are given 
in table 3. 

Discussion. Growth studies. According to the early work of Hove et al. 
(1) a ration carrying a daily' intake of 1.55 micrograms of boron per rat seemed to 
satisfy the boron requirement if this element were needed at all. A ration lower 
in boron content v/as, therefore, essential if further information on this pro])lem 
were to be obtained. 


TABLE 3 


The reproduction efficiency of female rats on ration A with and without added boron 


NO. OP FElfALi;S 

NO. OP LITT.^.RS 

NO. OF PCTS 

1 AVER. KO. OK 
j rupsyuTTES 

NO. OF POPS 
j WEANED 

PER CENT 
W'EAKED 


0 

Added boron 



5 

IG 

115 (101)* 

7.2 

67 

66.3 

6 

10 

72 (58) 

7.2 

24 

41.4 

G 

7 

GO (41) 

8.6 

20 

48.8 

5 

9 

63 (47) 

7.2 

8 

17.0 

5 

14 

145 (86) 

i 

10.5 

46 

53.4 

Total 27 

•GG 

455 (333) 

1 1 
8.0 1 

165 

49.5 


Low boron basal ration 


5 

9 

65 (58) 

7.2 

37 

63 

6 

4 

22 (22) 

5,5 

2 

9 

6 

11 

92 (66) 

8.4 

34 

51 .5 

5 

6 

42 (31) 

1 6.6 { 

15 

48.5 

5 

11 

124 (67) 

11.5 j 

34 

,50.7 

Total 27 ! 

41 

345 (244) 

1 

7.8 ! 

I 

122 

50.0 


* The number in parentheses represents the number of younp; left with the mothers for 
nursing. 


Since in the determination of boron in comple.v organic materials, the boron 
v.'as separated from the ash mixture by' evaporation as the mcthy'l borate, it was 
thought feasible to purify' casein, sucrose and salts by' this procedure. Anah'sis 
of the ration after purification showed a boron content of 25 micrograms per kilo 
(155 micrograms per kilo before purification). However, when this ration was fed 
the rats failed to grow normally and, in fact, many lost weight. It was fii~t bc- 
lievmd tliat the cause was the formation of loose bonds such as hydrogen bonds 
between the methyl alcohol and sucrose or casein. The nature of the comj)ounds 
could'easily lead to .such linkages. To test Avhether or not the hydrogen bond 
was ‘the only tvpe of linkage involved, the casein of the diet was purified by the 
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metltyl aleoliol method and then Avashed wth water. Washing should lireak the 
hj^drogen bond and hence restore the original growth properties of the ration. 
After this procedure was carried out^ however, the rats on the ration still did not 
grow normall}’’. This indicated that either a denaturation of the protein had 
taken place or esters of methyl alcohol, which could subsequently be hydrolyzed 
by the animal, had been formed. It would seem very likely that both denatura- 
tion and ester formation resulted. 

Since animals can satisfy their caloric requirements with a lower intake of a 
high fat ration than with a high carbohydrate ration, a diet, consisting of 55 per 
cent lard and containing an amount of boron (155 micrograms per kilo) equal to 
that in the high carbohydrate ration, was finally used for growth studies. The 
food intake on this type of ration was 4 grams per day and the boron intake was 

0.6 microgram per rat per day. Even vdth this low boron intake no differences 
in growth rate were obtained between rats on the basal diet plus boron and those 
on the basal ration alone. Again the conclusion must be limited since the basal 
ration still was not absolutely free of boron. Perhaps this problem can be 
definitel}'' solved when rations made up of purely synthetic materials are devised. 
The use of S 3 mthetie amino acids, essential fatty acids, synthetic vitamins, pure 
salts and cerelose would help veiy much in the establishment of the nutritional 
significance of boron as well as other elements which have not been heretofore 
used in experiments on nutrition. 

Reproduction studies. Although the weaning efiSciency was poor in both 
groups of the boron reproduction e.xperiments there was no significant difference 
between the basal group and the group receiving additional boron. This is in 
contrast to the indications obtained by Hove and co-workers (1) in a preliminary 
study. 

It is important to note that 200 gram rats on a ration such as used in these re- 
production studies contain only 2 micrograms of boron per rat. This in itself 
Avould lead one to doubt the essential nature of boron. If boron is needed for 
reproduction, the requirement is satisfied bj'^ 155 micrograms per kilo of ration. 

To carr 3 '' out a more critical stud 3 '' of this problem a ration having a lower 
boron content must be found as Avell as one that Avould give better reproduction. 

SUMIVIARy 

1. A diet i3urified b3'^ driving off boron as volatile methyl borate showed, on 
anal3'sis, a boron content of 25 micrograms per kilo. But this ration did not 
support growth even when boron Avas added, l^^ashing the purified casein with 
Avater did not restore the gi'OAvth properties of the ration. The casein had either 
been denatured or it had been esterified AAdth raeth3d alcohol. 

2. A high fat ration containing 55 per cent of lard had a boron content equal to 
that of a high carboh3'-drate ration. The groAAdh rate of rats on this ration was 
fair (22-25 grams per AA'eek) . Consumption studies shoAved that the intake of the 
high fat ration aa'rs about one-half the intake of the high carbohydrate ration, 
thus giving a boi'on intake of 0.6 micrograra per rat per da3’^. Additions of boron 
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to this low boron ration did not improve the rate of growth. It is evident that if 
boron is needed by the rat for normal growth then 0.6 microgram per rat per day 
satisfies that requirement. 

3. The addition of boron to a basal ration containing 155 micrograms of boron^ 
per kilo did not improve the ability of rats to nurse their young through the 
weaning period. 
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The degree of constancy of cardiac output which is maintained in anesthe- 
tized experimental dogs has not been established with sufficient certainty to 
_ permit a satisfactory quantitative evaluation of subsequent alterations induced 
b^’- experimental procedures. Estimates of total peripheral resistance (TPR), 
which require accurate measurement of cardiac output and mean arterial blood 
pressure, are scarce and have usually been obtained under extremelj" unnatural 
conditions. 


This communication describes important refinements of a procedure for meas- 
uring cardiac output initiall}’" introduced by G. N. Stewart (1, 2). This “modi- 
fied Stewart method” is at least as accurate as the Pick method and possesses 
the advantage of permitting frequent successive estimates and comparisons of 
cardiac output and hence total peripheral resistance during protracted experi- 
mental periods. A statistical analysis of 145 control determinations on 4^ 
dogs has yielded valuable information which is an essential prerequisite to the 
stud}^ of the changes which lead to and occur during circulatoiy failure or shock 
in the intact dog. 

The method for determining cardiac output as originally proposed by G. N. 
Stewart (1, 2) begins Avith the infusion of NaCl solution direct!}’- into the right 
or left heart. After mixing with the blood in the heart chamlDers, the blood- 
NaCl mixture is transported to outlying systemic arteries from one of which 
(femoral) a sample is Avithdrawn. A control blood sample, collected prior to 
the infusion, is titrated Avith the same NaCl solution until its conductivity equals 
that of the test (blood-NaCI) sample. Thus -the dilution of the infused NaCl 
by the volume of blood entering the heart per unit of time is determined. Hav- 
ing ascertained this dilution factor m, and measured the rate of saline infusion, 
the volume of blood entering the heart per minute and therefore the cardiac 


output can be rapidly calculated from the relationship V — 


g X 60 
mt ’ 


in AA'hich 


V is the cardiac output in ml./minute, j the rate of uniform NaCl injection into 

the right heart, and m the quantity of salt in each milliliter of the blood-NaCl 
mixture. This volume of salt solution, eA'^en Avhen injected repeatedly, is rapidly 
diluted by recirculation and excretion by the kidneys. Hence, it does not in- 
terfere Avith repeated determinations as do dyes and other substitutes. For 

* This investigation was supported by a grant from the Commonwealth Fund. 

- Present address, College of hledicine, University of Illinois, Chicago. 

519 



520 


HAROLD C. mCGERS 


additional consideration of theoretical and expeiimental aspects of the method 
the articles of Stewart (1, 2) and of Hamilton and his co-workers (3-G) should 
be consulted. From a technical .standpoint, infusion into the light atrium is 
preferable; it is easier, less disturbing to the natural circulation" and assures a 
more complete mixing of the salt solution and blood during its initial circulation. 

Inasmuch as the successive values for cardiac output obtained and rejiorted 
b}' Stewart (2) were quite variable, the procedure has been regarded as unsatis- 
factory and has not been utilized in the inteiwening years. Stewart himself 


TABLE 1 


AUTHOR 

V/T. 

RAh'CE 

AS'ESnrKSIA 

! iTETnOD 

EMPLOVED 

no, 

OF 

DOCS 

MO. 

OF 

TESTS 

ClRCULATORy 

lUDZX 

Mean 

S.D. 


kem. 







G. N. Stev.iirt (2) 

7-33 

Morphine and 

Stewart 

7 

40 

3.90 

db0.S9 



ACE mixture 






G. X. Stewart (2) 

5-28 

Morphine and 

Stcwiirt 

G 

33 

4.27 

±0.70 



ether 






T. Harrison et al. (7) 

.5-13 

Morphine 

Fick 

20 

30 

2.98 

±0.G5 

.1. W. Moore et al. (8). . . 

15-22 

Morphine 

Fick dye 

3 

3 

3.G8 

i 




inject. 

3 

3 

3.G3 


.T. W. Moore ct al. (8). . . 

15-22 

Na barbital 

Fick dye 

3 

3 

3.13 





inject. 

3 

3 

2.84 


W. ]•'. iiarnilton (0) 

8-10 

Morphine 

Dye inject. 

0 

6 

4.9G 


Tappan et al. GO) 

8-18 

^Morphine 

Fick 

7 

13 

2.63 

±0.70 

T.appan et al. (10) 

8-11 

Urethane 

Fick 

7 

7 

3.85 

±1.72 

T. Harrison ct al. (11) . . 

fl-14 

Unanesthetized 

Fick 

9 

10 

4.12 

=b0. 

E. K. Marshall, .Ir. (12). 

12-20 

Unanesthetized 

Fick 

5 

91 

3.09 

±0.83 

A. Cohn et al. (13) 

10-20 

Unanesthetized 

Fick 

7 

7 

G.41 

±2.71 

H. .1. Stewart et al. (14). 

10-20 

Unanesthetized 

Fick 

5 

0 

2.58 

±0.72 

H. Basmus.sen (15) 

7-12 

Unanesthetized i 

Fick 

5 

18 

2.75 

±0..59 

H. C. Wiggers (this pa- 


! 






per) 

10-31 

iMorphine and 1 

Modified 

42 

145 

2.87 

±0.44 



Na barbital 

Stewart 







chloralosane 








or pentobar- 








bital 







attributed this variability partly to actual fluctuations of cardiac output en- 
suing from the emplojuneiit of volatile anesthetics and partly to a lack of anj" 
attempt to maintain stable control conditions. Preliminaiy investigations 
convinced the author that certain technical procedures employed by Ste\\art 
and the apparatus available at that time could not have been expected to 3 ield 
more consistent results. It is interesting, however, as can be seen in table 1, 
that even greater discrepancies in “control” detenninations of cardiac output 
have been reported by investigatore who have employed the generally accepted 
Fick method. After conducting the.?e trial experiments, however, it scorned 
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probable that ^\’ith certain technical refinements and with the aid of improved 
electrical apparatus which modern development affords, the method might prmm 
satisfactory in a quantitative way and at the same time permit many more de- 
terminations over a gi^mn interval than other methods which are applicable to 
intact dogs. 

Technical procedure. In order to obtain consistent quantitati\’e values 
by this method certain technical details must be meticuloush" executed. 1. 
The salt solution must flow into the right heart at a constant rate, not at a de- 
celerating rate as from an ojien burette, employed by Stewart. To insure the 
latter, salt solution in a .Schellbach burette, graduated to 0.02 ml., was subjected 
to a constant pressure (circa, ICO mm. Hg) during the injection inteiwal by means 
of a reducing valve interposed in a laboratoiy air line. The burette emptied 
through the resistance of a 0 cm. segment of cajiillaiy glass tubing which was 
connected by a short section of ruliber tubing with the sound, previously in- 
troduced via a jugular vein into the right atrium with its tiji near the A-V 
valve. Occasionally, it was introduced into the right I'-entricle without an}'’ 
apparent difference in the results. The onset and completion of each infusion 
were signalled on a kymograph with the mean arterial blood pressure and also 
on a photokymograph recording central arterial pressure jjulses and occasional!}' 
an electrocardiogram. The mbber connecting tube vas fixed beneath a signal 
key, adapted to compress the tubing when the key was pressed. The opening 
and closing of this key (a) initiated and checked the infusion of saline, (b) sig- 
nalled the event on records and in addition (c) actuated a chronoscope, reading 
accurately to 0,01 second. With this arrangement, q and t could be determined 
immediate!}’’ b}’’ reading the burette and chi-onoscope respective!}’’, as well as 
calculated from the records. 

2. The concentration and rate of injection of the NaCI solution must be ad- 
justed so that it produces a detectable difference in the conductivity of the blood 
passing through the femoral artery without significantly altering the cardiac 
output either through changes in cardiac rate, rhythm or filling. In preliminary 
experiments, such temporary disturbances occurred frequently when 5 per cent 
NaCl solution was used and generally with a 10 per cent solution. Obviousl}'^, 
if this happens, cardiac output detei'ininations cannot be considered as those of 
the dog under natural conditions. After testing numerous combinations of 
salt concentration and rate of injection, it was found that the intra-cardiac 
injection of about 10 ml. of 3 per cent NaCl solution at a uniform rate of 0./5 
ml. /sec. is sufficient to produce a detectable change in the conductivity of blood 
without altering the cardiac rhythm, the arterial blood pressure or the pulse 
pressui’e. 

A typical optical record (fig. 1) obtained during the injection of 3 per cent 
NaCl solution (A-C) and during the withdrawal of a blood-NaCl sample (D-E) 
reveals that neither the venous pressure values nor the magnitude or contour of 
the arterial pressure cuiwes registered by sensitive artificial membrane manom- 
eters are significantly influenced by either procedure. In the record reproduced, 
the heart rate remained constant at 140 beats per minute. Since the signal 
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deflection at B represents the onset of imbalance in the bridge circuit across the 
femoral blood stream, due to the initial arrival of the injected salt, the right 
atrial-femoral arteiy circulation time is represented by the interval A-B. 

To further check the effects of 3 per cent NaCl infusion on stroke volume, a 
number of tests were conducted on dogs with an open thorax while cardiometric 
records of the heart beat were being r&sistered. The latter revealed that the 
injection procedure described above induces no measurable alteration in the 
stroke volume even when the heart rate was slightlj' reduced. Such tests in- 
dicate that at this rate of injection the cardiac output is definitely not increased 
and that determinations made are those natural to the dog studied. Appar- 
ently this was not regularly achieved bj"^ the technique as employed by Stewart. 

3. The time of arrival of the uniform blood-NaCl mixture at a point in the 
femoral arteiy must be clearly indicated by imbalance of a Wheatstone bridge. 
This can onlj^ be accompli.shed satisfactority 1)3’^ maintaining a constant distance 
between electrodes across the blood stream and b}"^ the emplo 3 ment of an elec- 
trical detecting instinment of adequate sensitivit 3 x ^Wien electrodes were 


iBL 



Fig. 1. Typical optical record demonstrating the negligible effects of intracardiac infu- 
sion of .3 per cent XaCl solution (A-C) and withdrawal of blood-XaCl sample (D-E) on 
central arterial (CP) and intra-atrial pressures (VP). Time (T) in 0.02 second. BL = 
baseline. A-B interval = right atrial — femoral artery circulation time. 


applied externall}' to a femoral arteiy, opposite to the one used for collecting 
blood samples, as Stewart suggested, apparent variations in conductivity were 
frequenth' recorded. These were due to shifts of electrodal contacts on pulsat- 
ing ve.ssels and to occasional slight movements of the extremities. Such apparent 
variations occurred especial^' when significant changes in tlie blood pre.ssure 
between tests caused cither collap.se or expan.sion of the femoral arteri'. Elimina- 
tion of these sources of error, the maintenance of continuous flow through tlio 
arterv' from which samples were collected and the presciwation of one femoral 
artery for other purpo.ses were all accompli.shcd by the insertion into a femoral 
artery of a specially designed “detection-.sampling cannula” (fig. 2). Its con- 
sti-uction in four easily a.ssembled units facilitates cleaning and insertion into 
the artcr 3 '. The major portions of the cannula (units T, T' and E) are con- 
stnicted of Incite in order to prevent shunting of the minute bridge current away 
from rather than across the electrodes. Unit E is e.ssentialh' a miniature con- 
ductivit 3 ’ cell in which excellent contact of blood is a.'^.surcd with the pair of plati- 
num elcctrodc.s which encircle the lumen and arc alwa 3 's 8 mm. apart, liy 
means of exteriorized binding posts, thc.“e electrodes arc connected with a 
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sensitive 1000 cycle A.C. conductivity bridge. As an additional precaution 
against short-circuiting of the bridge current, a sheet of rubber is placed between 
the Incite cannula and the exposed tissues of the leg. Circuit balance in the 
latter imraediatelj’' prior to the infusion is indicated liy maximal opening of the 
dark segment of a cathode-ray visual null indicator. Introduction of a variable 
condenser across the fixed resistance of the bridge improves the operation of this 
indicator. A shift to a position of constant minimal opening indicates passage 
of the uniform blood-NaCl mixture across the electrodes. During this period, 
a 5 ml. sample of the mixture is rapidly drawn into a syringe, fitted by sleeve 
attachment to the side tube of the brass sampling unit S. To withdraw blood. 


FIG. 4 FIG.5 



Fig. 2. “Detection-Sampling Cannnla.” Described in text. 

Fig. 3. Schematic representation of Wheatstone A-C bridge circuit employed for electro- 
titration and conductivity measurements. Discussed in te.xt. 

Fig. 4. Special conductivity cell for measuring conductivity of small quantities of non- 
homogeneous solutions such as blood, with special device for agitating fluid contents. Dis- 
cussion in text. 

the miniature stopcock iS is turned to the open position, as indicated in the draw- 

ing. _ , . ■ 

4. The arterial sample must be di’awn only during the passage of the uniform 
blood-NaCI mixture. If taken before or after, sizable errors in the cardiac out- 
put determinations result. A risk of error is incurred in any procedure in which 
Avithdraw’al is made from a centrally cannulated artery (as per Stewart) thiough 
which blood is not continuous^’’ flowing. In this “detection sampling unit 
there is no dead space for collection and stagnation of blood which is likely to be 
included in a sample, since the stopcock is constructed to open flush with the 
lumen of the vessel. The lumen of the stopcock is filled wdth an anticoagulant 
solution, liquaemin,^ (0.1 ml.) prior to each determination. 

= We arc indebted to Roche Organon, Inc., Kutley, N. .1., for the liquaemin used in these 
experiments.- 



524 


HAROLD C. ^nCGERS 


5. The electro-titration of a previously olstainecl control blood sample with 3 
per cent XaCl solution sufficient to equalize its conductivity with that of the 
test sample requires, in addition to the technical equipment essential for satis- 
factory conductivity measurements of homogeneous solutions, a proper means of 
making adjustments for sedimentation of red blood corpuscles. Their removal 
by centrifugalization and the conduction of all tests on pla.sma samples intro- 
duces other obvious difficulties and defeats the time-saving element of this 
method. 

Commercial conductivity cells were found inapplicable for this puipose be- 
cause they require too large quantities of blood and provide no .suitable means 
for agitating this non-homogeneous medium. It was found necessary to adopt 
an arbitrary .standard procedure for agitating the blood sample immediately 
(30 sec.) prior to measuring its conductiviU'. To prevent the influence of sedi- 
mentation a conductivity cell was constiiicted with these provisions in mind as 
.shown in figure 4. The container unit C is made of Incite. The electrode unit 
consists of a pair of platinum black electrodes, E, finnly anchored at a distance 
of 1 cm. b\' a circular Incite di.sk. The insulated metal rods which extend from 
the electrodas to the exterior binding posts are maintained at a fixed di.stance 
by a Incite brace B and again b 3 * screw adjustments as thej’ traveise small 
apertures in the Incite stopper, S. Thus, a consistent cell constant was main- 
tained at all timas. The small circular aperture in the di.sk between the pair 
of electrodes provides a means of agitating the blood b}" genth' raising and lower- 
ing the electrode unit ^^^thin its container. The electrodes are just immersed 
bj’’ 4 ml. of fluid (blood). The eccentric perforation in the Incite stopper, *S, 
provides a means of adding salt solution to the control blood sample. 

Titration of the control blood .sample with 3 per cent salt solution must ob- 
viouslj' be conducted with the utmo.st precision .since a minute error in this 
procedure leads to one of considerable magnitude in the final computation. In 
order to deliver a quantity' as small as 0.002 ml. of saline at anj' time, a fine 
paraffined glass capillarj' tip was added to a calibrated pipette, graduated to be 
read accuratel 3 ' to 0.002 ml. Deliveiy was achieved Iw a precision micrometer 
screw which compre.ssed a nibber chamber attached to the top of the burette. 
The Wheatstone bridge circuit is schematically* repre.senlcd in figure 3. At the 
beginning of an experiment, a fixed re.%tance, R, is introduced which approx- 
imately* balances that of the blood stream, generally* of the order of 70-100 ohms. 
The 1000 C.P.S. tone in the earphones yvas provided by an o.scillator, 0. By 
employing this frequency, a tone in the most sensitive range of audibility yvas 
obtained and at the .same time development of a polarization E.M.F. at the 
platinum black electrodes of the conductivity cells yvas eliminated, as frequent 
checks at higher frequency currents revealed. Further enhancement of the 
accuracy of conductivity measurements yvas accomplished (a) by annulling elec- 
trostatic capacitance yvithin the cell by the introduction of a variable conden.sor, 
CA, across the fixed resistance terminals, and (b) by in.serting a 3-.stage audio- 
amplifier, A, in the earphfme circuit, P, to permit de.Ared variation in the in- 
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tensity of the tone during the conductivity measurements. As a result, silence 
in the phones was obtainable at the null point in all deteiminations and the 
null point was limited to less than 0.5 unit on the slide-wire scale, W, which was 
graduated in 2000 units. However, although conductivity can be measured 
veiy precisely, the accuracy of titrating to match conductivities of two blood 
samples is limited by the characteristics of the titration apparatus. The error 
involved in the titration procedure may amount to 3 to 5 per cent under unusual 
conditions. Each determination was made with the cell immersed in a tem- 
perature bath constant to 0.001°C. between any two measurements. In general, 
the bath and hence sample temperatures were at 35°C. 

At this point a concise suramaiy of the sequential procedure employed in these 
cardiac output studies appears expedient. 1. A 5 ml. control blood sample is 
collected from a femoral artery via the “detection-sampling cannula.” 2. ‘An 
A-C Wheatstone bridge circuit is balanced across the femoral blood stream. 
3. A measured quantity (10 ml.) of 3 per cent saline solution is infused at a uni- 
form rate (ca. 0.75 ml./sec.) into the right atrium or ventricle, 4, "V^Tiile a 
uniform blood-NaCl mixture passes the femoral electrodes, as indicated by a 
constant imbalance of the Wheatstone bridge, a 5 ml. sample of the blood-NaCl 
mixture is withdrawn into a s3U’inge with a constant though minute quantity of 
liquaemin. 5. The amount of salt (???) in each milliliter of the latter sample is 
determined by matching its conductivity with that of the control sample to which 
3 per cent NaCl has been meticulously added. 6. Having ascertained m, t 
and q values, the minute cardiac output is computed. 

The advantages of this method over others are: (a) It eliminates many time- 
consuming analj'ses and computations, (b) it provides the investigator with a 
value for the cardiac output within 15 minutes of the time that the determina- 
tion is begun, (c) repetitive determinations can be conducted at 5 minute inter- 
vals, and (d) it requires onlj'^ minute quantities of blood, which ma}^ be rein- 
fused later if desired. With every 10 ml. of blood withdrawn the animal re- 
ceives 10 ml. of fluid (3 per cent NaCl injection). 

Criteria of the reliahility of the method. The initial portion of this investiga- 
tion was directed to examine the reliability of the method. The criteria of re- 
liability that may be used are; (a) the soundness of the principles upon which the 
method is conceived and the probability of their being satisfied in practice Avith 
the technical procedures involved, (b) the ability to obtain quantitative A^alues 
which agree reasonably with those obtained by some known satisfactoiy method, 
if such exists, and (c) the abilitj’- of the method to reproduce results of reasonable 
magnitude in successive determinations. 

Although a comparison of values obtained by the modified Stewart and the Tick 
methods Avas made in this investigation (see table 4), there is reason to belieA^e 
that the degree of reliability generalty accredited to the Fick method AA^hen 
applied to dogs is based largely upon its sound theoretical foundation rather than 
upon demonstrated facts. For this reason, greater emphasis is placed upon the 
attainment of reasonable as Avell as consistent results in consecutive deter- 
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minations. However, such consistency obviously cannot be expected if cardiac 
output varies during the period of detenninations. A chemist would not expect 
consistent results if his test solutions changed from time to time. 

Although this method, with perhaps some .slight modifications, appears ap- 
plicable for a study of cardiac output in the well-trained unanesthetized dog, 
there are several reasons why these expeiiments were conducted on animals 
during prolonged periods of even anesthesia. Experience has shoum that 
whereas some fluctuations in the circulatoiy state mo-y occur, the}’’ are less fie- 
quent and less extensive than those commonlj^ encountered in the unanesthetized 
animal. This fact assumes major importance when consistency in consecutive 
cardiac output deteiminations is sought. The slightest emotional excitement or 
discomfort induces respirator^'’, heart rate, muscle tonus and positional changes 
which may suffice to alter the cardiac output significant!}'. 

These .studies were conducted on 42 dogs whose weight varied from 10 to 31 
kgm. Following a sedative dose of morphine (1-2 cc. of 20 per cent solution), 
33 dogs received sodium barbital (175 mgm./kgm.), G received chloralosane 
(75-80 mgm./kgm.) and the remaining 3 received sodium pentobarbital (125mgm./ 
kgm.). Cardiac output detei-minations were begun circa 3 houi-s after adminis- 
tration of the anesthesia, thus allowing ample time for stabilization of the circula- 
tion. Operative procedures entailed (a) insertion of the “detection-sampling 
cannula” into a femoral arteiy; (b) arrangement for kymographic registration 
of mean arterial blood pressure from the femoral arterjq (c) introduction of a 
cardiac sound into the right atiium via the right jugular vein and (4) connec- 
tions for optical registration of central arterial pressure curves by a high fre- 
quency membrane manometer. While not absolutely necessaiy, an anticoagu- 
lant, liquaemin, was administered intravenously to preclude clotting of blood 
within the “detection-sampling cannula.” 

Result.s. Some of the details of results obtained from individual dogs are 
incorporated in tables 2 and 3, arranged in accordance with the weights of the 
animals. The number of determinations made during .stabilized periods of 
anesthe.sia and the duration of the experimental periods are indicated. 

In order to reduce all values to an equivalent standard, mean cardiac outputs 
in the various animals and their standard deviations are reported on a surface 
area basis {circulalonj index), ^ but the actual .stroke volumes are given. In most 
animals .some variation in heart rate occurred between consecutive mea.«uio- 
ments indicating that complete stability is not always attain.able even in anes- 
thetized animals. iMoreover, in .some, the mean arterial pre.-’sure remained 
stable, while in others it also varied considerably. 

Since it was apparent from analy.sis of the results that consecutive cardiac- 
output determinations var}' considerably with changes in the arterial pressure 
and but. little with fluctuations in heart rate, these animals were grouped on the 
basis of the stability or instability of their mean arterial pressures. 'I'hcfonner, 


■' The term 
to tlic term “ 
plic-itioris. 


“drcnlatorj' index, ” .sugirested by Yanrlell Ilcnderaon ( 21 1 sccinH profer.'ibic 
c.-irdi.-ic index” proposed by Grollman (1(5), whidi has rr.ther nncertrdn ini- 
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incorporated in table 2, afford material for checking the consistencj”' of successive 
readings and jdeld information regarding cardiac output and total peripheral 
resistance under stabilized conditions, -whereas the latter, compiled in table 3 
allow deductions with regard to the extremes in variability of cardiac output that 
may be expected in experimental animals which have been subjected only to 
inconsequential operative procedures. 

(iV) The reliability of results. In the 20 dogs shown in table 2, in which mean 
arterial pressure fluctuations were slight (i.e., 7 mm. Hg; S.D. ±5), the differ- 


TABLE 2 


EXP. 


experi- 

mental 

PERIOD 

NO. OF 
TESTS 

MEAN 

CARDIAC OUTPUT 
AND S.D. 

RANGE or 
HEART RATE 

RANGE OF 

mean B.P. 

AVERAGE 

STROKE 

VOL. 

AV. TOTAL 
PERIPHERAL 
RESISTANCE 


ksm. 

min. 


l./sq.m./min. 

per min . 

mm. IIs 

ml. 

abs. unilst 

1 

31.0 

50 

3 

2.87 ±0.03 

160-180 

143-153 

131 

3700 

2 

26.0 

35 

3 

2.86 ±0.01 

155-163 

145 

1^1 

4100 

3t 

26.5 

50 

3 

2.50 ±0.10 

140-188 

165-175 

14.78 

5600 

4 

23.0 

60 

4 

3. OS ±0.04 

190-195 

155-162 

14.50 

4600 

5 

21.5 

95 

3 

2.92 ±0.03 

190-200 

133-138 

13.07 

4300 

6' 

21.0 

26 

2 

3.37 ±0.06 

155-170 

161-162 

17.72 

‘ 4500 

7 

21.0 

45 

3 

2.00 ±0.08 

245-250 ■ 

148-155 

6.89 

7100 

8 

20.5 

50 

S 

1.99 ±0.09 

95-165 

125 

14.33 


9 

20.5 

50 

3 

3.50 ±0.06 

150-158 

125-127 

19.27 

3500 

10 

20.0 

155 

4 

2.78 ±0.05 

140-158 

98-103 

16.25 

3500 

11 

19.0 

150 

4 

3.02 ±0.08 

137-150 

160-180 

16.72 

5400 

12* 

18.5 

60 

2 

2.78 ±0.02 

200-204 

105-120 

10.79 


13* 

17.0 

40 

2 

3.46 ±0.00 

160-106 

125-130 

15.72 

4000 

14t 

17.0 

65 

3 

2.73 ±0.0/ 

130-150 

110-120 

14.83 


15 

16.5 

95 

3 

2.88 ±0.07 

210-230 

125-135 

9.42 

5100 

16 

16,5 

45 

n 

O 

3.37 ±0.03 

130-160 

110-115 

17.18 


17 

16.2 

45 

2 

2.43 ±0.05 

’172-178 

92-95 

10.02 


IS* 

16.0 

65 

3 

2.42 ±0.07 

160-185 

78-90 

9.94 

3800 

19 

12.5 

100 

4 - 

2.15 ±0.07 

165-175 

80-88 

7.70 

6100 

20 

10.0 

45 

3 

2.35 ±0.05 

146-164 

143-147 

7.95 

9400 

Average values 

2.77 ±0.05 

17; S.D. 16 

7; S.D. 5 




* Dogs under nembutal, 
t Dogs under chloralosane. 

% See text for definition and method of calculating TPR. 


ences in consecutive determinations on the same animal were very small (S.D. 
0 to rbO.lO). The mean circulatory index was 2.77 and the average deviation 
of the individual variations was onlj’’ ±0.05. In the remaining 22 dogs listed 
in table 3, in which arterial pressure fluctuated more (18 mm. Hg; S.D. ±13), 
the variability of successive determinations was somewhat greater but not ex- 
cessively so (S.D. ±0.10 to ±0.39). The mean circulatory mdex in this group 
was 2.94 and the average of the individual deviations was 0.19. Bj’- combining 
the 145 determinations in 42 dogs, a mean circulatory index of 2.8/ with a stand- 
ard delation of ±0.44 was obtained. These values may be advantageouslj'- 
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compared, as in table 1, with results reported b}’’ others using various methods on 
both anesthetized and unanesthetized dogs. It may be seen at a glance that 
existing values reported for the circulatory index of dogs not onlj^ show extreme 
variability but that -the average S.D. from the mean obtained from all ani- 
mals in this investigation is the lowest of the entire gi-oup. Thus, such values 
appear more favorable than those obtained in most animals in which the Pick 
principle was employed. On any statistical basis the conclusion seems Avarranted 


TABLE 3 


EXP. 

ViT, 

EXPEEI- 
' MENTAL 
PEP.IOD 

NO. OP 
TESTS 

MEAN 

CAEDIAC OUTFIT 
AND S.D. 

RANGE OF 
HEAJtT RATE 

RANGE OF 
MEAN B.P. 

AITRAGE 

STROKE 

VOL. 

AV. TOTAL 
PERIP^FJl,^L 
RESISTANCE 


k^m. 

min. 


l.Isq.m.lmin. 

per min. 

mm. II g 

ml. 

abs. unils^ 

21 

26.0 

125 

4 

2.78 ±0.11 


155-174 

13.54 


22 

23.5 

115 

5 

2.95 ±0.12 



12.53 

I 3900 

23 

23.5 

185 

4 

2.98 ±0.11 

135-161 

125-135 

17.94 

1 3400 

24 

23.0 

100 

5 

2.71 ±0.14 


125-165 

18.68 


25 

22.0 

85 

3 

2.88 ±0.12 


122-135 

13.27 


20 

22.0 

100 

4 

3.37 ±0.22 

1G3-182 

110-120 

16.86 

.3100 

27 

20.0 

230 

7 


118-180 

110-125 

15.84 


28* 

19.5 

40 

3 

3.56 ±0.13 


148-158 

18.70 


29 

19.0 


3 

3.05 ±0.28 


145-150 

11.30 


30 

18.5 

70 

4 

3.24 ±0.27 

193-224 


11.95 


31 

18.0 

55 

3 

2. 66 ±0.12 

118-140 


16.18 

5000 

32 

18.0 

145 

6 

2.71 ±0.39 

184-205 


10.45 


33 

18.0 

75 

4 

2.77 ±0.30 



10.26 


34* 

17.5 

GO 

3 

2.79 ±0.18 



10.40 


.35* 

17.0 


5 

4.18 ±0.23 


12.5-135 j 



36 

17.0 

40 I 

3 

1.97 ±0.24 





37 

16.0 

50 1 

3 






38* 

16.0 

60 1 

3 ! 

2.41 ±0.16 



8.96 

6600 

39 

14.0 

GO 1 

3 i 

3.24 ±0.25 


94-155 

10.43 

4600 

40 

13.5 

12 i 

2 i 



130-152 



41 I 

13.0 

105 1 

3 i 

2.75 ±0.15 j 

20.5-216 ! 

118-145 

8.18 

6600 

42 

12.5 

210 1 

^ 1 

1 

1 

wsm 

mm 

109-115 

19.47 

4900 

Average values 

i 

I 

} 

2.84 ±0.19 i 
{ 

21; S.D. IS j 

IS; S.D. 13 




* Dogs under chloralosane. 

t Sec text for definition and method of calculating TPR. 


that the modified Slcwarl method certainly yields as accurate and consistent 
results as ant' other method. 

As a further check, comparative determinations by the modified Stewart and 
Pick methods v.-ere made as nearly .simultaneously as possible in 5 dogs. .Ar- 
teiial blood .samplc.s for Pick analy.sis were collected from a femoral artery. 
Venous sample.s Avere withdraAvn via the cardiac sound from the right A'entrides, 
precautions haA'ing been prcA'iouslA’’ taken to A\'ash out all of the 3 per cent XaCl 
from the sound. The procedure had no measurable effect upon the blood pres- 
sure or heart rate. The (h content of the arterial and venous samples was de- 
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termined by the Van Slyke manometric method.® The O 2 consumption was 
measured continuouslj'' in these animals both during and between all determina- 
tions bj'^ a "blower type” metabohsm machine connected to a tracheal cannula. 
A five minute interval supeiwened between the two comparative determinations 
in each instance. The results are presented in table 4. The circulatory state 
between these tests did not remain stable for long periods of time. In fact, it 
seemed desirable to observe how well these determinations agreed under dis- 
tinctly variable conditions. Hence the cardiac output measurements in the two 
animals indicated by asterisks in table 4 were conducted under abnormal con- 
ditions incurred b}’- extensive hemorrhages. It is evident that the minute volume 
outputs were as comparable as could be expected and that this holds for animals 
in the hypotensive as well as in the normotensive state. On the whole, the car- 


TABLE 4 


EXP. KUMBER 

DOG WT, 1 

MEAN B.P, 

CARDIAC 

Modified Stewart 

OUTPUT 

Fick 


kgm. 

mm. of Ilg 

ml. /min. 

ml. /min. 

23 

23.5 

130 


2220 



135 


2520 

27 

20.0 

135 

2540 

2520 



114 

2280 




105 

1955 


30 

18.5 

140 

2490 

2600 

43* 

18.5 

62 

876 

778 



50 

750 

644 

CO 

17.5 

130 

2040 

1750 



115 

1580 

1450 



80 

1010 

945 


* Animals in abnormal condition as a result of induced hemorrhages. 


diac outputs obtained by the modified Stewart technique were slightly lai-ger, 
although in several instances they were identical or slightly greater in the Pick 
evaluation. 

(B) Normal circulatory index for dogs. 1. Constancy in different dogs On 
certain occasions it is convenient for the investigator to have available the cai- 
diac output expressed in milliliters or liters per minute. It has become custo- 
mary, however, to express minute cardiac output on a bod}'^ surface area basis 
(liters/sq. meter/min.) when compansons in different animals ai-e to be made. 

It is expedient to consider the constancy which can be anticipated for cardiac 
outputs in a random group of mongrel laboratory dogs and interesting to com- 

The author is indebted to Dr. J. Waide Price and Dr. Margaret Daus of the Department 
of Medicine who performed the gas anabases. 
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pare this constancy R-ith that obtained by Grollman’s extensive study in man 
where control conditions could be rigidb'' maintained. The remarkable con- 
stancy obtained by the latter investigator in human subjects is shown in the 
small deviation (±0.30) from the mean circulatory index. Grollman also ob- 
served that certain apparentl^’^ trivial events such as 1, ingestion of foods or 
liquids; 2, slight psychic disturbances; 3 failure to obtain complete relaxation 
from previous physical activity; 4, insufficient or disturbed rest during the pre- 
ceding night, and 5, slight indisposition or malaise ascertainable onlj’- by subjec- 
tive questioning, to name a few, introduce. marked variations in the circulalonj 
index. Most of the.se events are not adequately controllable in dogs. The 
variable response of individual dogs to anesthesia must be added to the list. 
A further hint as to the degree of constancy to be expected in laboratoiy dogs is 
furnished bj*^ Hamilton’s (17) study of control blood pressures in 215 mongrel 
dogs. He reports fluctuations in blood pressure which indicate that state.s of 
hypotension as well as hypertension are not infrequently encountered, as well as 
seasonal variations and senile deterioration of the heart. 

The mean circulatory index in different dogs as reported by various investiga- 
tors has a veiy wide range (table 1). Undoubtedly, these wide discrepancies 
are in large part attributable to (a) technical errors in measurement; (b) un- 
satisfactoiy control conditions, and (c) the failure of many of these investigators 
to obtain more than a solitary control determination. In considering these 
findings, it seems reasonable to anticipate that if the dogs are in good physical 
condition and the circulation remains fairly stable, most determinations of the 
circulatory index will fall within a range of 2.50 to 3.30. Undoubtedljq many 
will fall in a more restricted range, say 2.70 to 3.00. The determination of 
these ranges is speculatively based upon determinations of reasonable magni- 
tude reported by investigators whose data showed no greater standard deviation 
from the mean than 0.83 litei-/sq.m./min. There can be no question, therefore, 
that the constancy of this index in man cannot be compared with such inconstant 
values as have been reported for the dog. As shown in table 1, the greatest 
degree of constancy of the index that has been obtained in dogs is found in the 
results reported in this paper; and the 3 '^ reveal a standard deviation from the 
mean of 0.44 litcr/sq.m./min. 

(2) Species comparison of the circulatory index. In 1929 Maishall (18) com- 
pared the output index obtained by various investigators in man, dogs, goats, 
rabbits and horses. It is not clear why Irtarehall, who in the same article recog- 
nized and praised the importance of Grollman’s constant basal output index 
values of 2.2 ± 0.30 for man, employed the comiJarativcly high value of 2.02 
liters/sq.m./min. for man in comparing it with the value 2,8G for dogs. Ob- 
viously, if Grollman’s generally accepted value.s are. used, the. circulatory index 
of mail and dog are not. of the same order of magnitude, fl'he range of t he mean 
index in the above .5 spe(*i(?s varied from l.Gt) in the rabbit to 3.0i in the goat., 
since he excluded the value.-- for the hor.<e (5.81) as technically (uroneous. Mar- 
shall concluded that the “values per square meter of body surface area were 
of the .same order of magnitude.” In view of the fact that the value in the rabbit 
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was approximately one-lialf that in the goat, such a conclusion seems totally 
unwarranted. If the values he presents are representative of the actual circula- 
tory index in these species, it again seems futile to seek any degree of equivalency 
in the index of man and dog. 

(3) Cardiac oiitpid and animal size. The arbitraiy classification of the 42 dogs 
into medium sized, large-sized and extra-large sized dogs was arranged to retain 
a satisfactory number of animals in each category (table 5). Since the con- 
stancy of determinations in these 42 animals was quite good, it was not surpris- 
ing to find the circulatory index for all three groups to be of the same order of 
magnitude. However, the minute volume decreases as expected Avhen the bod}'^ 
Aveight decreases. LikcAA'ise, the stroke volume is less in smaller animals. The 
A^ariations might have been greater in the three groups had the heart rate not 
been sloAA’er in the smaller animals. 

(4) Need for repeated control determinations. Since the apparent range of 
normalcy for control cardiac outputs is rather AAdde in mongrel laboratory ani- 
mals, it seems necessaiy to re-emphasize the need for repetition of control de- 


TABLE 5 


SIZE OF BOG 

NO. OF 

NO. OF 

CARDIAC OUTPUT 

(ml./min.) 


AVERAGE 



BOGS 

TESTS 

Av. S.D. 

Circu- 

latory 

index 

T.P.R. 

(A.U.) 

i 

Stroke 

volume 

Heart 

rate 

Circu- 

lation 

time* 

Extra-large, 21-31 kgm 

B 

46 

2660 ±330 

2.87 


15.8 

181 

sec, 

11.5 

Large 17-20.9 kgm 

mm 

66 

2240 ±490 

2.93 

Btwil 

13.8 

174 

10.2 

Medium 10-16.9 kgm 

12 

37 

1820 ±340 

2.75 


11.3 

161 

9.5 


* Circulation time in seconds from right atrium to femoral artery. 


terminations until constant results are obtained prior to the onset of experimen- 
tal procedures. The literature from AA'hich table 1 AA^as compiled contained manj’- 
reports AAdierein the investigators Avere apparently satisfied Avith a single control 
determination of cardiac output. Hence, the A'^alidity of such values is difficult 
to establish. The value of satisfactory control determinations can be seen in 
experiments 8 and 9 (table 2) in Aidiich some of the most extreme cardiac output 
A'^ariations from the mean of 42 animals AA'^ere obtained. When these A'^alues (ca 
1.99 and 3.50) AA^ere initiallj’' obtained suspicions of error in determination AA-ere 
aroused. HoAA^eA'^er, AA'hen these values AA'ere constantly reproduced in repeated 
measurements, suspicions AA'ere alla)’'ed. It is easily recognized that repetitiA^e 
control measurements are essential in laboratory animals, varying as they do in 
age, previous physical existence, nuti-itional state and blood pressure levels. 
It is in its aliilitj" to proAode repetitiA'^e cardiac output A'^alues quickl}" for con- 
sideration by the inA^estigator that the modified Stewart method excels other jiro- 
cedures. 

(C) The total peripheral resistance. In accordance AA'ith the practices of the 
jN'Iunich school, the total peripheral resistance (TPR), calculated in accordance 
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with Poiseuille’s law, can be computed in absolute units (A.U.) by the equation 
-r T> -P _ pressure X 1332 d 3 mes/sec. c» i. , 

~ ca i ac output/sec. “ cm.» ' 
designated as absolute units (A.U.) of total peripheral resistance in this labora- 
torjL The only merit of such conversion rests in the easj’’ comparison with 
values reported b^’’ others. The number of actual values and variations re- 
ported for intact anesthetized dogs is very meager. A summary of the results 
obtained under widel}’’ varjang experimental conditions has been recentty pub- 
lished from this laborator}’’ (19). With the exception of a few determinations by 
Boger, who reported a range of 4020-4470 A.U. for a few intact dogs, all of these 
results were obtained on extensive^ operated dogs Arith open chests and in some 
cases in heart-lung-dog preparations. 

Calculations made in 145 tests on 4^ dogs of different sizes are included in the 
data of tables 2 and 3. The extreme ranges were from 3100 to 9400 A.U. How- 
ever, 105 of the 145 determinations fell wthin the range of 3600 to 5400 A.U. 
with a surface area range of 0.6 to 1.10 sq. m. or a weight range of 12 to 31 kgm. 
In view of the small dimensions represented by the absolute units, the total re- 
sistance to outflow from all branches of the aorta is remarkablj'- constant from 
dog to dog. l^Tiile the possible effects of anesthesia on natural T.P.R. cannot 
be evaluated, the fact that 6 dogs anesthetized ^rith chloralose and 3 nith nem- 
butal showed no essentiall}' different trends makes it probable that 3600 to 5400 
A.U. can be taken as approximate ranges for normal dogs with which alterations 
in experimental hj’-po- and hypertension ’may be compared in chronic dog ex- 
periments. 

jVs summarized in table 5, the average T.P.R. for medium-sized dogs was 5570 
A.U., that of large dogs, 4630 A.U. and of extra large dogs, 4230 A.U. Although 
Ihere appears to be a slight correlation between T.P.R. and the size of the ani- 
mal, the latter is not as constant as might be expected. Occasional^', smaller 
dogs revealed a smaller T.P.Pv,. than larger ones, e.g., compare the smaller dogs 
16, 18 and 35 with the larger dogs 3, 4, 7, 8, 21 and 24 in tables 2 and 3. Such 
findings make it questionable whether the practice of introducing surface area 
factors into computations of total peripheral resistance as suggested bj' Bazett 
et al. (20) serve to make them anj' more exact. 


SUMMARY 

1. Though perfectly sound in principle, the procedure for determining cardiac 
output as propo.scd by G. K. Stewart mrs found to invite so many technical 
inaccuracies that the values could not be regularly relied upon. Much effort 
was directed with the aim of overcoming these weaknesses. 

2. The technical piDCodures n'ere improved by (a) proper adjustment of llio 
concentrat ion and rate of inhision of the NaGl solution so that, the salt appeared 
in suffieionl concentration in the femoral blond stream to be easily delected 
without at the same time provoking any abnormality of cardiac action and a 
consequent artificial change in cardiac output, (b) technical and in.stnimental 
improvements for detecting the arrival of the uniform blood-NaCI mixture in a 
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femoral nrtcry, (c) advmicomcnts in the loohniquc of withdrawing a sample of 
the uniform mixture for electro-analysis and (d) improvement in the accuracy of 
electro-titration of the control sample to match the blood-XaCl sample. 

3. As a result of the above expedientSj the method has been improved to the 
extent that constantly reproducible measurements of caidiac oul])ut were ob- 
tained in 1-15 tests on -y-? dogs. Furthennore, statistical analy.ses revealed that 
the .standard deviation from the mean of these measurement.s wa.s smaller than 
any which have been reported for dogs by other investigators. Comparisons of 
values obtained almost simultaneously by this modified Stcieart method and by 
the more generally accepted Fick method were as comparable as could be ex- 
5 )ected in both normal and hypotensive dog.s. 

•1. In 20 dogs, in which arterial blood pre.'^sure remained very stable, the mean 
circulatory index, expressed in litem/sq. m./juin. wa.s 2.77 and the average of the 
individual variations was only 0.05. In the remaining 22 dogs, in which arterial 
pre.ssurcs fluctuated somewhat (18; S.D. i:13 mm. llg) the circulatory index 
wa.s of the same oixler of magnitude (2.01), bvit. the average of the individual 
variations wa-s greater (0.10). 'fhere appears tln'iefore to be a definite relation 
between the constancy of tamsecutive measurcuK'nts to be expected and the 
stalnlity of arterial blood pre.ssvirc. 

5. Although it appears from the re.sulls of this and other investigations that 
the conti'ol circulatory index of anesthetized mongrel laboratory dogs generally 
rnnge.s from 2.5 to 3.3, .«uch values cannot be considered as sufficiently restricted 
to justify their adoirtion as controls for any given experiment. Oil any occa- 
sion where it i.s antici]xitcd tliat the propo.sed experimental procedure will 
modify the cardiac output, it is absolutely e^ssential that several consistent con- 
trol measurements be obtaiiual. The modified Stewart method excels in its abil- 
ity to provide quickly such repetitive cardiac output values for consideration 
by the investigator. 

G. An analysis of these and i)reviously niported data indicates that equiva- 
lence in values for the circulatory index in man and dog, or for that matter, 
among any of the animal .species has not been adequately demonstrated. 

7. The total pcnphcral resistance of the intact dog under control conditions, 
concerning wliich only very meager information lias been published, ranged in 
the.se dogs from 3100 to 9-t0() A.U. In 105 of 145 measurements, however, it 
fell within narrower limits (3G00-51O0 A.U.). In certain chronic experiments in 
which control T.P.Il. values cannot be obtained prior to the institution of ex- 
perimental procedures (say states of hj’polcnsion or hypertension), the above 
range for control dctci’minations ofl’crs .some guide as to the extent to which 
T.P.Il. changes may be concerned. Since little correlation was observed be- 
tween the total peripheral resistance and bodj' surface area, the advantage of 
introducing surface area into the equation for computing T.P.Il. seems dubious. 

It is a pleasure to express my gratitude to various colleagues for the services 
they have rendered in this investigation; to Dr. Frank Ilovorlca, professor of 
phj'sical chemistry, for advice pertaining to conductivity measurements in 
general; to Dr. Harold Green of this department for his constructive criticisms 
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and suggestions pertaining to some of the technical problems, and finallyj to 
Doctor Middleton and the following medical students (Messrs. Huizenga, Brof- 
man, Antos and Dworkin) who at various times participated in the conduction of 
these experiments. 
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A study of the renal mechanism for the reabsorption of gl 3 ’cin amino nitrogen 
in the dog (Pitts, 1943) has shotra that there exists, at high plasma concentra- 
tions, a limiting maximal rate of tubular transfer similar to that described for 
glucose (Shannon and Fisher, 1938). But the mechanism for gh^in is different 
in that the limiting rate of reabsorption is approached graduallj'^ and the amount 
excreted becomes appreciable before the reabsorptive S 3 ’^stem is saturated. As a 
consequence, no sharp renal tlu'eshold exists for gb’^cin amino nitrogen such as 
that described for glucose. 

The partition of urinaiy nitrogen following the oral administration of ^■arious 
amino acids suggests that all may not be I’eabsorbed with equal efficienc 3 ' (Kriss, 
1939). In fact, the studies of Dot 3 '^ (1941) indicate that certain amino acids, 
closel 3 ’' related structuralhq ma 3 ’’ be reabsorbed at widel 3 ' divergent rates. But 
these studies have not been directed toward an anah’sis of differences in the renal 
reabsorptive processes, nor do the 3 ’’ permit a decision as to whether a single or 
several reabsorptive mechanisms are operative. The pi’esent investigation, in 
which the reabsorptive processes for representative amino acids have been studied 
in the dog, is concerned with these questions. It has been found that the amino 
acids gb^in, alanine, glutamic acid and arginine are in all probabilit 3 ’’ reabsorbed 
by a common mechanism and that the rather considerable variations in their 
rates of reabsorption result from differences in their rates of combination with 
some cellular component common to the reabsoi’ptive S 3 'stem for all. ^ 

Methods. The chemical methods used in this investigation have been de- 
scribed fulb’’ in our previous communication (Pitts, 1943). Observations have 
been’ made on two trained female dogs, one of which was used in our experiments 
on glycin. The general procedures of arterial blood sampling, intravenous 
infusion and urine collection Avere identical to those prcAdousb'^ described. Be- 
cause of the large amounts of amino acid required to elevate the plasma concen- 
tration to the desired leAmls, our choice of the ones to inA’^estigate has been de- 
termined both b3’’ economic factors and by solubilities. With these limitations as 
the prime consideration, ^ve haA'^e chosen gbrnin and d-l alanine as representatiA’^e 
of monoammo-monocarbox3dic acids; Z-p glutamic acid, as a monoamino-dicar- 
box3dic acid; and Z-p arginine, as a diamino-monocarbox3dic acid. Glutamic 
acid AA'as infused as the neutral raono-.sodium, salt and arginine as the neutral 
mono-h3’^drochloride. For comparatiAm purposes Ave haA’^e included likcAAise a 
mixture of amino acids deriA’^ed from h3’’drol3'^zed casein,^ also neutralized to pH 7 .3. 

1 The pure amino acids were purchased from Merck <fe Co.; the casein hj'drolysate was 
obtained through the courtesy of Frederick Stearns & Co. 
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All amino acid analyses are expressed in terms of milligrams of alpha amino car- 
boxyl nitrogen per 100 cubic centimeters or per minute. Thus by dividing by 
14, all values may be converted to millimols per 100 cubic centimeters or per 
minute.' It should be pointed out that the specificity of the gasometric ninhy- 
drin carboxyl method for amino acid following preliminary treatment with urease 
is such that our results are uninfluenced by changes in plasma or urine urea, 
ammonia or peptide concentration. 

Results. The characlerislics of the reabsorptive processes for the several amino 
acids. Simultaneous measurements of the creatinine clearance and plasma and 
urine amino nitrogen concentrations permit the calculation of the amount of 
amino nitrogen reabsorbed as the difference between the amount filtered and the 
amount excreted. The amount filtered equals the product of the creatinine clear- 
ance (glomei-ular filtration rate) and the plasma amino nitrogen concentration; 
the amount excreted equals the product of urine flow and urine concentration. 
The characteristics of the reabsorptive process for each amino acid have been 
assessed by measuring the quantity reabsorbed at each of a series of amounts 
filtered. In table 1 are given the significant data from three experiments on dog 
4, comparing reabsorption of d-l alanine, l-\- glutamic acid and arginine. In 
each experiment 5 solutions containing constant amounts of creatinine and pro- 
gi-essivel}’’ increasing amounts of amino acid Avere infused at constant rate. 
Infusions Avere started 20 minutes before the beginning of each pair of experi- 
mental periods. Prior to the first infusion a control blood sample AA'as taken. 
As a result of a standard diet and a constant preliminary peiiod of fasting (16 
hrs.) these control plasma amino nitrogen concentrations all fell AAithin the 
limits of 3.5 and 4.0 mgm. per 100 cc. Under these conditions excretion is 
negligible, amounting to 0.02 to 0.05 mgm. per min. (Pitts, 1943). Thus at even 
the loAA^est rates of administration of the three amino acids, .significant amounts 
AA'ere excreted (note the first pair of experimental periods in e.xpts. 30, 31, and 
33). As the amount filtered Avas increased by further raising the plasma concen- 
tration the amounts reabsorbed and excreted both increased. Increased reab- 
sorption of alanine Avas considerable; of glutamic acid, moderate; and of arginine, 
slight. Experiments Avere designed to coA^er equivalent ranges of filtered amino 
nitrogen for each amino acid studied. The failure to attain this end lusulted 
largely from reduction in glomerular filtration rate at high plasma concentra- 
tions. This reduction Avas most marked in experiments Avith glutamic acid, ar- 
ginine and hydrolyzed casein. It should be emphasized that the depression of 
renal function is temporary’' and associated AA'ith other cAudence of toxicity of a 
transient character (Pitts, 1943). 

The results of all our experiments on dogs 4 and 1 are summarized in figures 1 
and 2. In figures 1 A and 2A, the quantity of the several amino acids reabsorbed 
is plotted as a function of the quantity filtered. In figures IB and 2B, the 
quantity excreted is similarly plotted. Both qualitatively and quantitatively 
there is good agreement in the several families of curves derived from experiments 
on the two dogs. Tlie amounts of the various amino acids reabsorbed stand in 
decreasing order of glycin, alanine, glutamic acid and arginine at all amounts 
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TABLE 1 

Experiments on a normal dog which show the relationship between the amount of alpha amino 
nitrogen filtered and the amoiints reabsorbed and excreted for the amino 
acids alanine, glutamic acid, and arginine 

Dog 4, 16.8 kgm., S.A. 0.71 sq. m. 


EXPER. 1 
NO. 

GLOMER- 

ULAR 

riLTRATION 

RATE 

URINE 

PLOW 

AMINO NITROGEN 

CLEARANCE 

RATIO: 

AiONO-N 

CREATININE 

Plasma 

cone. 

Urine 

cone. 

Filtered 

Excreted 

Reabsorbed 

30 

cc.lmin. 

cc./min. 

Control 

mgm. % 

3.63 

mgtn. % 

mgm./min. 

mgm./min. 

mgm./min. 



Infusion 1.5% alanine at 5 cc./min. 


71.9 

5.3 

5.74 

9.58 

4.13 

0.51 

3.62 

0.12 

69.0 

3.1 

6.80 

24.0 


0.74 

3.96 

0.16 


Infusion 3.0% alanine at 5 cc./min. 



1 3.3 

■Hi 

1 58.6 j 


1.94 

5.79 



4.3 

mam 

62.1 

mam 

2.68 

6.45 

mm 


Infusion 5.0% alanine at 5 cc./min. 


89.5 

7.2 

19.6 . 

■SI 

mam 

6.48 

■BHI 

■H 

92.7 

8.5 i 

22.9 


mm 

8.75 1 

■HI 

wm 


Infusion 8.0% alanine at 5 cc./min. 


96.8 

9.9 

35.9 

180 1 

34.8 

17.8 

■■ 

■H 

92.5 

9.5 

41.9 

212 

38.8 

20.2 

■■1 

mm 


Infusion 12% alanine at 5 cc./ min. 


j 

81.8 

84.3 

■a 

62.0 

69.3 

280 

279 

50.8 

58.5 

30.2 

36.3 

20.6 

22.2 

0.60 

0.62 

31 


Control 1 

3.64 







Infusion 0.75% glutamic acid at 10 cc./min. 


mmm 

8.0 

5.41 

■SB 

4.22 

0.73 

3.49 

mm 

6.0 

6.09 

mm 

4.36 

1.14 

3.22 


Infusion 1.5% glutamic acid at 10 cc./min. 


j 

76.7 

80.6 

5.7 

8.1 1 

11.2 

14.3 

77.1 

72.7 

m 

4.39 

5.89 


0.51 

0.51 


Infusion 2.5% glutamic acid at 10 

cc./min. 




mam 

mam 

23.1 

159 


12.4 

5.50 

mm 




25.3 i 

160 1 

wm 

11.4 

6.90 1 

mm 


Infusion 4.0% glutamic 

acid at 10 cc./min. 




70.2 

1 7.5 1 

37.5 

1 253 1 

1 26.3 

[ 19.0 

7.30 1 

0.72 


63.7 

7.66 

42.5 

'363 1 

27.1 

20.2 

6.90 j 

0.74 

Infusion 6.5% glutamic acid at 10 cc./min. 


57.6 


! 62.5 1 

278 

36.0 

28.1 

7.90 

msm 


51.7 

1 10.2 1 


289 

36.4 

29.5 

6.90 
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TABLE Concluded 


EXPER. 

NO. 

GlOilER- 

ULAR 

riLTRATION 

RATE 

1 

1 

URINE 

ELOW 

! 

! 

AMINO NITROGEN 

clearance 

Ratio: 

amino-N 

creatinint: 

Plasma 

cone. 

Urine 

cone. 

Filtered 

Excreted 

Reabsorbed 

33 

cc./min. 



mgm. % 

1 

mgm./min. 

mgm./min. 

mgm./min. 



Infusion 1% arginine at 10 cc./min. 



82.1 

75.0 

11.4 

11.7 

0.17 
0.35 ’ 

j 4.81 

1 7.44 

4.25 

4.04 

m 

m 


Infusion 2% arginine at 10 cc./min. 

■1 


9.4 

9.0 

8.41 

9.06 

; 23.7 

25.3 

1 6.52 

! 6.68 

1 2.22 
2.28 

i 4.30 
: 4.40 

i 0.34 

0.34 


Infusion 4% arginine at 10 cc./min. 


71.5 1 


17.4 

I 74.3 

1 12.5 

8.70 

3.80 

1 0.70 



19.6 

1 75.0 

13.8 

10.1 

3.70 

0.74 


Infusion 6% arginine at 10 cc./min. 


! 

59.8 1 
58.2 1 

12.6 

13.7 

30.3 ' 

33.9 

113 

113 

18.1 

19.? 

14.2 

15.5 

■I 

0.78 

0.78 

Infusion 8% arginine at 10 cc./min. 


51.6 j 


47.3 

122 

24.5 

20.2 

BIS 

■PB 


49.8 1 

BH 

52.5 

; 123 

20.2 

22.1 

BBWi 

bhb 


filtered. The amount of casein hydrolysate reabsorbed lies between glycin and 
alanine in the lower range of the curve and Ijetween alanine and glutamic acid in 
the higher range. The amounts of the several amino acids excreted obviously 
stand in reveree order. 

Glycin and alanine, of the amino acids studied, are treated in most nearly the 
same fashion by the kidney. The alanine used was the racemic mixture and it is 
pos.sible that the differences between the curv&s for glycin and alanine result in 
large part from a relative deficiency in reabsorption of the unnatural form of 
alanine (Bliss, 1941). Unfortunately, we have been unable to obtain either by 
purchase or preparation, sufficient quantities of resolved alanine to test the two 
forms separately. However, simple calculations from the data of table 1, ex- 
periment 30, show that some of the unnatural form of alanine must be reab- 
sorbed. Rcabsorption of alanine, like glj'cin, increases as the amount filtered is 
increased. iVlanine would appear also to be reaching a limiting maximal rate of 
transfer, a limit which appears to be the same as that for glycin. Attem])is to 
test the point directly by raising plasma alanine to very higli levels were unsuc- 
ce.ssful, for they were attended by serious reductions in glomerular filtration rate. 
The e.\trapolation of the alanine cirn’C in figure 2.4 toward the glycin curve is 
ba.sed on the last two points obtained in another experiment on the same dog (sec 
fig. 3A). For both dogs, however, the data would seem to justify extrapolation of 
the two cur\'e.s toward the same limit. 
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The reabsorption of glutamic acid and arginine is much less complete than tha1 
of glycin and alanine, as is evident from figures 1 and 2. In fact, these figures 
somewhat exaggerate the reabsorption of all amino acids at low levels and es- 
pecially that of glutamic acid and arginine. This results from the fact thal 
figures for total plasma and urine amino nitrogens are used in making the calcu- 
lations, and at low plasma concentrations a large fraction of the amino nitrogen 



reabsorbed is that which is normally present in the blood. Especially is this true 
in the glutamic acid and arginine experiments. However, the reabsoriition of 
glutamic acid quite obviously continues to increase over the range studied and 
would seem to be approaching no readity apparent limit. "V^Hiile the reabsorption 
of total amino nitrogen in the arginine experiment would appear to have reached a 
plateau over a considerable portion of the range of obsen^ation, inspection of 
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table 1, experiment 33, suggests that in reality reabsorption of arginine itself con- 
tinues to increase gradually. As is evident from experiment 33, or the lowest 
curv^e in figure lA, an apparent reabsorptive limit of some 4 mgm. per min, of 
total amino nitrogen is attained in the last 8 experimental periods. In the earlier 



Fig. 2. A comparison in dog 1 of the renal reabsorptive .and excretory' processes f or alpha 
amino nitrogen derived from glycin, alanine, glutamic acid, arginine and hydrolyzed 
casein. The curve for glycin is taken from the composite data of fig^irc 1 (Pitts, 1943). 

periods, most of the reabsorbed amino nitrogen is made up of that normally 
pre-sentin the plasma. In theIaterperiod.sthedccrea.se in filtration rate (evident 
in tabic 1, expt. 33) redticcs the amount of this normal amino nitrogen availaiile 
for reabsorption . Hence in the la.st periods the 4 mgm . per min . rcaixsorbed must 
con.si.st largely of arginine nitrogen. 
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Whether the reabsorptive maximiini attained in the experiments A^dth hy- 
drolyzed casein is more apparent than real cannot be stated definitely, although it 
is our impression that it does not represent a true cellular limitation of reab- 
sorptive capacity. Both experiments on hj’-drolyzed casein (figs. 1 and 2) were 
complicated in the last periods by serious depression in glomerular filtration rate. 
If this resulted from closure of some glomeruli, it would reduce the number of 
tubules contributing to the reabsorptiA'’e process and hence impose an apparent 
limitation on the reabsorptive capacity of the sj'-stem as a whole. To what ex- 
tent this same factor ma}'' play a role in the experiments on glutamic acid and 
arginine cannot be stated. 

Stability of the reabsor'piivc processes. The validity of comparisons of reabsorp- 
tive processes in such a series of experiments depends upon the stability of the 
s 3 "stems under investigation. The general qualitative agreement of the results 
obtained in two dogs is an argument in favor of such stability. Direct evidence 
has been obtained bj'' repetition of experiments vdth alanine and glutamic acid 
after intervals of 8 to 10 weeks. In figure 3 A the amounts of alanine reabsorbed 
and excreted are plotted against the amount filtered. The hollow symbols are 
the results obtained in the first experiment; the solid S 3 mibols, those obtained 8 
weeks later. In figure 3B are plotted two similar experiments with glutamic acid 
separated b 3 ’' intervals of 10 weeks. The reproducibility of the results obtained 
is indicatiA'^e both of stability of the reabsorptive processes and of the lack of any 
chronic damage to the kidne 3 '’s resulting from repeated administration of large 
amounts of amino acid. 

Evidence that the several amino acids are reabsorbed by a common mechanism. 
That the characteristics of the reabsorptive processes are different for the several 
amino acids studied is eAddent from figures 1 and 2. Such differences as are ob- 
seiwed might be reflections of the Avay these amino acids are handled b3’' a common 
mechanism, or might indicate that seA'-eral discrete mechanisms are inA'^olved. 
The fact that creatine and gl 3 ''cin are reabsorbed by a common mechanism and 
that saturation of the reabsorptWe S3'’stem Asdth glycin reversibW blocks the re- 
absorption of creatine^ (Pitts, 1943) has been used to distinguish betiA'een these 
two possibilities. In the experiments on dog 1 presented in table 2, creatine Avas 
administered in such amounts that appreciable quantities Avere reabsorbed. The 
administration of alanine in increasing amounts (expt. 35) progi’essively re- 
duced, from its control value of 4.7 mgm. per minute, the quantit 3 '' of creatine 
reabsorbed. At plasma amino nitrogen concentrations approaching those 
necessaiy for satui’ation of the reabsorptive mechanism, creatine reabsorption 
AA^as reduced to zero. Since both alanine and gb’^cin reA*ersibly block creatine re- 
absorption, AA'’e infer that the tAA’^o amino acids are reabsorbed by the same mech- 
anism.® 

^ We liaA^e been forced to use this indirect method because of the lack of specific chemical 
methods capable of distinguishing glycin, alanine and glutamic acid. 

® Competition of amino acids and creatine for a common renal reabsorptive mechanism 
may aa'cII be a determining factor in the creatinuria of hj’^perthyroidism, in AA'hich condition 
plasma amino acids are elevated. 
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Asimilai exporimcnt (expt. 38) was performed with creatine and glutamic acid. 
The somewhat higher pla.sraa creatine concentrations account for greater reab- 




Fig. 3. Expprimcnls on dog 1 illustrating the stability of the renal roabsorptivc proc- 
esses for alanine .and glutamic .acid nitrogen. A, rcabsorption and c.vcrction of alanine 
nitrogen as a function of tbe qu.antity filtered in 2 e.xpcrimcnt.s .separated by an interval of 
S weeks. Hollow .symbols, first experiment; solid symbols, repetition after S v.-eeks. li, 
reabsorption and e.vcrction of glutamic acid nitrogen as a function of the qu.antity filtered 
in 2 experiments .scp.arated by .an interval of 10 weeks, ffollow sytnljol.s, fir.st experiment; 
solid .symbols, repetition after 10 weeks. 

.sorption in the control period.'^ of this exporiment than in the jneviott.s one. 'i'he 
administration of glutamic acid dofimlelY depresses, though itdoe.snot completely 
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TABLE 2 


Experjinents on u normal dog which illusiralc competition between creatine and alanine and 
ghitamic acid nitrogen for a common reabsorplive mechanism 
Dog 1, 1S.7 kgm., S.A. 0.72 sq. rti. 


EXPER, 

NO. 

GLOWER- j 
in.AR j 

FILTRATION I 
RATE ' 

AMINO NITROGEN 

CREATINE 

plasma cone. ! 

Ejicicted 



Excreted 

Reabsorbed 


Infusion 1.5% creatine; 0% alanine at 5 cc./min. 


35 

1 


msm. % 

3.63 

3.18 

1 

msm. /min. 
0.02 
0.03 

msm. /min. 

3.06 

2.53 

msm. % 

51.5 

54.1 

! 

msm ./min. 

38.9 

39.1 

msm./min. 

4.9 

4.5 

4.7 

Infusion 1.5% creatine; 4% alanine at 5 cc./mi . 


91.2 

12.0 

3.10 



47.6 

1 2.6 


88.5 

14.7 

1 4.20 


56.8 

47.2 

3.1 





1 

j 



2.9 


Infusion 1.5% creatine; 8% alanine at 5 cc./min. 


92.0 

34.1 

jjBQniii 

16,4 

63.8 

57.6 

■n 

89.6 

40.2 


17.0 

67.3 

59.2 

B 


j 

IfH 




1.2 


Infusion 1.5% creatine; 12% alanine at 5 cc./min. 


83.1 

63.2 1 

34.8 


68.5 

56.9 

0.0 

80.5 

74.5 

41.2 

mm 

70.7 

57.0 

0.0 




IH 



0.0 


Infusion 1% creatine; 0% glutamic acid at 10 cc./min. 



80.8 1 

3.37 1 

0.02 

2.70 


49.4 

7.9 

38 

87.0 

3.03 

0.03 

2.60 

■9 

53.5 

7.5 






Bi 


7.7 


Infusion 1% creatine; 2.5% ghitamic acid at 10 cc./min. 


87.9 






6.9 

82.7 


mm 




4.8 


■i 

Bi 




5.9 


Infusion 1% creatine; 5.0% glutamic acid at 10 cc./min. 


j 

77.6 

73.9 

31.1 

36.1 

17.3 

19.6 

6.90 

7.10 

85.0 

90.0 

61.3 

61.5 

4.7 

5.0 

4.9 


Infusion 1% creatine; 7.5% glutamic 

acid at 10 cc./min. 



71.0 

55.5 

31.8 

I 9.30 

94.9 

65.8 

4.5 


69.7 

63.4 

33.6 

i 

10.60 

! 

99.3 

65.0 

4.4 

4.5 
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block creatine reabsorption. The greatest amount of glutamic acid nitrogen re- 
absorbed in this experiment is roughly 40 per cent of the maximal reabsorptive 
capacity for glycin or alanine nitrogen. The reabsorption of creatine is depressed 
rougWy by an equivalent 40 per cent. This ex-periment lends credence to the 
mew that gb^in, alanine, and glutamic acid are reabsorbed by a single mech- 
anism. It also indicates that all might well approach the same limiting maximal 
rate of reabsorption if the amount filtered could be sufficiently increased. This 
latter statement derives from the fact that reabsorption of glutamic acid nitrogen 
in amounts equal to 40 per cent of the limiting reabsorptive capacity for glycin or 
alanine lilocks creatine reabsorption by 40 per cent. It is inferred that complete 
blockage of creatine reabsorption could be effected only by the reabsorption of 
glutamic acid in amounts equivalent to the limiting capacities for gbmin and 
alanine. Presumably this Avould require an amount filtered some two to three 
times that which it has been possible to attain expe^imentaIl3^ 

Expeilments of a similar nature vdth creatine and arginine were negative, the 
effect of arginine on creatine reabsorption, if anjq being so slight as to be within 
the limits of experimental error. Providing that arginine is reabsorbed bj^ the 
same mechanism as glj'cin, alanine and glutamic acid, this becomes a significant 
finding. The amount of arginine reabsorbed at the highest amount filtered is 
relativcl}^ insignificant in comparison vdth the maximal tubular reabsorptive 
capacity' for ghxin. As a consequence it would be predicted that arginine would 
have little effect on creatine reabsorption within the range studied. To dc- 
temiine whether arginine is reabsorbed bj" the same mechanism as the other 
amino acids studied, we have maintained a constant plasma arginine^ concentra- 
tion and have tested the effect upon arginine reabsoiption of increasing the 
plasma glj'cin. The results of this experiment are given in table 3. A previous 
experiment in wliich gl\Tin was given at higher rates of infusion was complicated 
by a serious glomerular shut-do\vn. In the experiment of table 3 moderate eleva- 
tion of plasma amino nitrogen bj-- the infusion of gbTin significantly depressed 
the reabsorption of arginine although it did not block it. While not conclusive, 
the evidence suggests that arginine maj’’ be reabsorbed bj-- that same i-enal 
mechanism which reabsorbs gb^cin, alanine, glutamic acid and creatine. If so, 
the negative effects of arginine on creatine reabsorption within the range studied 
would indicate that onW an insignificant fraction of the total reabsorptive 
capacity is occupied b}' arginine to the exclusion of creatine. It is within the 
realm for .speculation, then, to make the experimentally unjustified extrapolation 
of the arginine curve toward a common reabsorptive limit vrith the other three 
amino acids. 

Discussrox. Shannon and Fisher (1938) have developed the the.sis that active 
renal reabsorpti\'e proce.sse.s depend upon the combination of the reabsorbed 

* Arginine annly.ses were performed by the colorimetric method of Dubnoff (KHI) .ind 
arc expressed in term.s of milligrftm.s of alph.i .nmino .irginine nitrogen. The .'irnino nitrogen 
analyses of course include normal plasma amino nitrogen, arginine nitrogen, and glycin 
nitrogen. 
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material, a, in the tubular lumen uuth some stable component, b, present in the 
tubular cells in fixed amount, according to the scheme: 

A + B AB B + A 

The decomposition of the complex ab delivers the reabsorbed material into the 
peritubular interstitial fluid. This latter reaction has the characteristics of a first 

TABLE 3 


Expcrimenlona normal dog which illustralca compctilion hcliceen arginine and glycin nitrogen 

for a common reabsorptive mechanism 
Dog 4, 16.8 kgm., S..4. 0.71 sq. ni. 


EXFER. 
SO, ^ 

GLOMER- j 
tlXAR 

nLTRATION 
RATE 1 

tt-ARGININE NITROGEN 

AlfINO NITROGEN 

[ Plasma cone. 

Excreted 

Reabsorbed | 

Plasma cone. 

Excreted 

Reabsorbed 

Infusion 1% arginine; 0% glycin 

40 

i 

j cc./min. 

77.0 

73.0 

nigm. % 

1.65 

1.65 

mgm./min. 

0.51 

0.43 

tngm./tnin. 

0.79 

0.81 

mgnt. % 

5.30 

5.18 

mgm.fmin. 

0.67 

0.56 

mgm./min. 

3.41 

3.22 

0.80 

3.32 


Infusion 1% arginine; 2% glycin 


83.2 

rngm 

■m 

0.73 1 

10.7 

1.41 

7.49 

86.9 



0.70 

11.0 

1.98 

7.57 



■i 

0.72 



7.53 


Infusion 1% arginine; 4% glycin 


96.6 

n 

WM 

ra 

WM 

5.0 

10.8 

99.8 

IB 

■1 

mm 


6.6 

11.5 


■1 

■1 

0.62 

■1 


11.2 


Infusion 1% arginine; 6% gb^cin 


105 


■■ 

■■ 

24.3 

11. S 

13.7 

98.2 



■9 

29.3 

13.7 

15.1 


■ 

m 

0.56 



14.4 


order process, for if sufficient a is present to ti-ansform all of b into ab, the rate of 
reabsorption of a reaches a constant limiting value independent of the concentra- 
tion of A and deteiTnined solely bj’’ the velocity of decomposition of ab, assuming 
of course that total b (b + ab) is constant. Such a concept accounts adequateb’' 
for the limited reabsorptive capacity of the kidney for both glucose and glycin. 
However, as the plasma concentration of glj'^cin is increased this limiting reab- 
sorptive maximum is attained rather gi-aduallj', a fact explained b}'- assuming that 
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the velocity of decomposition of ab is high in relation to the rate of attainment of 
equilibrium in the reaction by which it is formed (Pitts, 1943). Thus when a 
(glycin) is present in amounts insufficient to saturate the reabsorptive mechan- 
ism, its rate of reabsorption mil be determined both by its concentration and by 
its specific velocity of combination mth substance b. 

The rather considerable differences in the reabsorptive processes for the amino 
acids which we have studied might conceivably result from 1, independence of 
distinct reabsorptive mechanisms for the several amino acids; or 2, differences in 
the way the several amino acids are handled by a common reabsorptive mech- 
anism. In the latter circumstance both velocity of formation of the b complex 
and velocity of its decomposition might enter into the determination of the char- 
acteristics of the reabsorptive process. 

The evidence that a single reabsorptive mechanism is concerned mth the 
tubular tran.sport of g^nin, alanine, glutamic acid and arginine is fairly con- 
clusive. It rests basically on the demonstration that saturation of the renal 
reabsorptive mechanism with glycin or alanine blocks the simultaneous reab- 
sorption of creatine. Since both amino acids compete with creatine during re- 
absorption, they must of necessity be reabsorbed by a single mechanism. Re- 
absorption of glutamic acid in less than saturation amounts reduces creatine 
reabsoiption in direct proportion to the extent to which it occupies the common 
mechanism. The reabsorption of arginine is similarly reduced if glycin com- 
petes simultaneously for the reabsorptive mechanism. A single cellular element, 
B, is therefore common to the reabsorptive .systems for the four amino acids and 
creatine as well. One must look to differences in the kinetics of formation or 
decomposition of the various b complexes for an explanation of the dissimilar 
characteristics of the reabsorptive processes. 

If the velocities of decomposition of the several b complexes were identical, 
then the maximal reabsorptive capacities would be the same for a given animal 
for all amino acids, although the courses which that maximum is attained 
might differ as a function of the effective rates of complex formation. I’lliile by 
no means conclusive, the data suggest this explanation as a distinct possibility. 
Thus from figures lA and 2A it is evident that glycin and alanine approach es- 
sentially the same maximal rate of reabsorption at high plasma concentrations. 
From table 2 it is evident that glutamic acid, at such a plasma concentration that 
it is reabsorbed at a rate 40 per cent of that maximal for glycin, blocks creatine 
by an equivalent 40 per cent. It is inferred that if plasma glutamic acid could be 
elevated sufficiently to block creatine reabsorption completely, glutamic acid also 
would reach that same maximal rate of reabsorption attained by glycin and 
alanine. The .same line of argument may be applied to the reabsorption of 
arginine, although here the evidence is almost entirely inferential. 

If this is a correct interpretation of the data, it follows that the differences 
between the reahsorptive processes for the four amino acids are largely dependent 
on differencas in the effective rates of formation of their b complexes. The lower 
the effective rate of formation of the complex the more gradiially is the reabsorp- 
tive maximum attained. The rate is greatest for glycin and karst for argmme 
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and creatine. It is interesting that the rates are inversely related to molecular 
weight, but it is doubtful if this is of significance for Bliss (1941) has shown that 
differences exist between the reabsorptive processes for tl and I alanine. 

SUMMARY 

1. A comparison has been made in the dog of tubular reabsorption of amino 
nitrogen at various arterial plasma levels of gl 3 ’^cin, alanine, glutamic acid, ar- 
ginine and the amino acids of hj^drotyzed casein. 

2. The amounts of the various amino acids reabsorbed stand in decreasing 
order of glycin, alanine, glutamic acid and arginine at all amounts filtered. 
The amount of casein lij’^droh^sate reabsorbed lies between gb^cin and alanine in 
the lower range of jilasma concentration and between alanine and glutamic acid 
in the upper range. 

3. Gl 3 "cin, alanine, glutamic acid and arginine are reabsorbed b 3 '^ a common 
renal mechanism. 

4. The rather considerable differences in their rates of reabsorption probably 
result from differences in their rates of combination with some cellular component 
common to the reabsorptive S 3 ’'stem for all. 
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In view of the significance attributed to the synthesis of hippuric acid from 
ingested sodium benzoate as a test of liver function in man (1, 2, 3), it was con- 
sidered desirable to elucidate the uric acid retention which occurs during hippuric 
acid s 5 mthesis. That uric acid retention does occur was obser\'ed by Lewis and 
Karr (4), and later confirmed by Swanson (5) and Quick (6) whose report also 
includes a review of the literature pertaining to the synthesis and excretion of 
hippuric acid in man. 

A decrease in uric acid excretion has also been observed following ingestion 
of lactic acid. Contrariwise, an increase follows ingestion of pyruvic acid — 
an oxidation product of lactic acid (7). In the light of these observations, de- 
terminations of lactic acid and pyruvic acid in the blood were included in the 
present stud 3 \ 

Methods. The subjects of the study herein reported were male schizophrenic 
patients with no evidence of phj'sical diseases. Two subjects who developed a 
destructive liver disease with jaundice during arsenical therapy for neuro- 
syphilis are also included in this report since, in their cases, the extremely low 
rate of hippuric acid svmthesls was advantageous in demonstrating the influence 
of sodium benzoate on uric acid retention. All .subjects were studied in a fast- 
ing state and were reclining in bed during the period of the observation. 

The experimental conditions were arranged on a pattern similar to that of the 
liver function test devised bj”- Quick (1). The subjects voided at approximateh' 

7 a.m. A urine sample was collected at approximatelj' 8 a.m. and immediateh'" 
(within one minute) followed bj^ the inge.stion of 80 mgm. of sodium benzoate 
per kilogram body weight diluted in approximately 30 ml. of water. In two 
subjects the amount of sodium benzoate inge.sted was 106 and G4 mgm. per kgm. 
bod 3 ’ weight respectively. One drop of oil of peppermint was added to each 
dose as a comgent of taste. Four urine samples were collected at hourly inter- 
vals follovdng the ingestion of benzoate. Blood samples from a cubital vein 
were obtained with a minimum amount of stasis preceding the ingestion of 
.^odium benzoate, and H and 31 hoiirs following the ingestion. One glass of 
water wa.'; inge.-ted 5 to 10 minutes previous to each voiding to facilitate urine 
formation. Only in one instance wa.s the urine volume below 1 ml. per minute 
—the augmentation limit for uric acid excretion given i>y Brochnor-Morten- 
.sen (8). In this instance, clearances ba.scd on the standard or maximum clear- 
ance formulae, as indicated by the urine volume, were u.sod instead of excretion 
rates in the calculations described below, 

1 Xov.' .M.’ijor ifi the .Medical Corps of the U. 8. Army, lort Custer, ^fichipnii. 
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A portion of the blood samples ivas stabilized ^nth iodoacetate and oxalate, 
precipitated within three minutes with trichloracetic acid, and the filtrate an- 
ab^zed for p 3 'ruYic acid b.y the method described b}" Bueding and Wortis (9) 
and for lactic acid bj^ the Miller-Muntz technic as described bj'- Barker and 
Summerson (10). One half-volume of each urine sample was used for the gravi- 
metric determination of hippuric acid bj-- the method of Quick (1) with the so- 
dium chloride saturation recommended b 3 ’- Weichselbaum and Probstein (11). 
Uric acid in urine and blood serum Avas determined Avith the photoelectric color- 
imeter according to the method of Folin (12). 

The rate of s 3 mthesis of liippuric acid AA^as measured from the amount of hip- 
puric acid excreted during the hourl 3 '- inteiwals. The value obtained for hip- 
puric acid AA’as converted into milligrams of sodium benzoate per kilogram bod3^ 
AA'eight theoreticall3^ required for the construction of the amount of hippuric 

TABLE 1 


Two representative studies of hippuric acid synthesis 
with calculated factors as described in text 


SUBJECT 

URINE 

SAlfPLE 

TUrE 

! 

VOLUME 

HIPPURIC 

ACID 

! 

SOD. BENZ. NOT 
SYNTHESIZED 
AT END or ! 
PERIOD 1 

URIC ACID 

Mgm ./ 
hr. 

Uo 

Ux 




mt. 


m§m./kgm. 



F. M, Weight 55 kgm. 

Uo 

6.45- 8.20 

156 



19.7 

1.0 

Sodium benzoate 

Ui 

9.33 

220 

0.97 

66 

9.6 

2.1 

4.4 grams at 8:21 

Ua 

10.22 

76 

0.78 

55 

5.0 

3.9 

a.m. 

Ua 

11.19 

276 

1.00 

40 

5.0 

3.9 


U4 

12.20 

87 

0.88 

27 

8.9 

2.2 

E. P. Weight 64 kgm. 

Uo 

G.20- 8.51 

154 



30.6 

1.0 

Sodium benzoate 

Ui 

9.53 

192 

1.58 

60 

24.9 

1.2 

5.1 grams at 8:52 

Ua 

10.54 

126 

1.52 

41 

9.4 

3.3 

a.m. 

Ua 

11.52 

242 

1.91 

17 

24.0 

1.3 


Ui 

12.52 

168 

0.79 

7 

25.6 

1.2 


acid excreted. Thus, in subject E. P. (table 1) AA^eighing 64 kgm., the amount 
of hippuric acid excreted during the first hour — 1.58 gram — represents 20 mgm. 
per kgm. bod3’' Aveight of the sodium benzoate ingested. 

It AA'as found expedient for the interpretation of uric acid retention to express 
the rate of S3mthesis in negath'^e terms, i.e., in terms of sodium benzoate not 
S 3 mthesized up to a certain time. These Amines AAmre obtained b 3 '’ subtracting 
the sum of values in milligrams of sodium benzoate per kilogram bod3^ AAmight 
S3mthesized and excreted up to the considered time from the Amiue of sodium 
benzoate per kilogram bod3'’ AAuight ingested at the beginning of the e.xperiment. 
In .subject E. P. (table 1) 60 mgm. (=80 mgm. minus 20 mgm.) of sodium ben- 
zoate per kgm. bod3’^ Aveight Avere still unaccounted for at the beginning of the 
second hour, 41 mgm. at the beginning of the third hour, 17 mgm. at the be- 
ginning of tlie fourth hour and 7 mgm. AA'ere not recoAmred as hippuric acid after 
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four hours of synthesis. Interpolations for the half-times of the hour used for 
correlations with uric acid retention were obtained by adding one- half of the 
sodium benzoate sjmthesized and excreted during the particular hour to the 
sodium benzoate sjTithesized during the foregoing periods. 

Results. The uric acid excretion decreased in all subjects after ingestion of 
sodium benzoate. The values given in table 1 are representative in this respect. 
In both subjects (cf. table) the uxic acid excretion rate decreased gradually to a 
low level and subsequently returned toward the initial excretion rate, thus form- 
ing a peaked cur\^e of retention. In .subject E. P. the peak of uric acid retention 
occurred during the second hour following benzoate ingestion, while in subject 
F. M. the peak was at the end of the second or the beginning of the third hour 
period. 


The peak of uric acid retention was similarly estimated in all subjects and it 
was found to occur at the end of the second hour period in most iiLstances. With 
the exception of one case vith severe liver disease (subject L. G., table 2), the 
peak was within the approximate range of one hour to 2| hours following the 
ingestion of benzoate. 

In the third and fourth hour periods, the uric acid excretion rates were still 
at low levels in those subjects who sjmthesized hippuric acid slowly (subject 
F. M. in table 1), whereas a return to values bordering on the initial pre-experi- 
mental level ivas observed in subjects who synthesized hippuric acid rapidly 
(subject E. P. in table 1). It was found that the degree of uric acid retention 
was roughly proportional to the amoimt of ingested sodium benzoate which 
remained in the organism after deduction of the portion which had been ex- 
creted as hippuric acid up to the considered time. Only the values which fol- 
lowed the peak of uric acid retention .showed this proportionality. Therefore, 
only values derived from the third and fourth hour periods were employed in 
the calculation of the correlation between the uric acid retention and the non- 
sjmthesized sodium benzoate which is graphicallj' presented in figure 1. The 
uric acid retention is expre.ssed in terms of the ratio of the uric acid e.xcrction rate 
in milligrams per hour of the pre-experimental period to the excretion rate of the 

third or fointh hour period following ingestion of benzoate 


\W Uj‘ 


The re- 


tained benzoate is expressed in milligrams of .sodium benzoate per kilogram body 
weight ingested and not excreted, .synthesized to hippuric acid at the half-time 
of the respective periods. The correlation coefficient of these value.s is -bO.79 


± 0.044. 

The serum uric acid level increased during the synthesis in 24 of 25 subjects. 
The increase, measured at the half-time of the fourth hour period and compared 
with the pre-experimental levels, ranged from 0.1 to 0.0 v.ith an average of 0.5 
mgm. uric acid per 100 ml. .-^erum (subjects with li^-^er disease not included). 

The concentration of uric acid in the urine decreased to values lower than those 
of the senim in 1 7 of 25 of our subjects (cf. table 2) . This obsen-ation seemed of 
interest in view of the un.=olved problem in j)hy.sio!ogy of the mechanism of 
excretion of uric acid by the kidney. 



TABLE 2 


Hippuric acid syntheses by 10 subjects 


SUBJECT 

ACE 

IWEICHT 

URINE SAMPLES 

BLOOD SAMPLES 

Time of 
collection 

Vol- 

ume 

Hippuric 

acid 

Uric 

acid 

ngiH 

Serum 
uric acid 




i 



rttl. 


mgffl./ 


mgm.l 

mgm.l 

mgm.l 







hr. 


100 ml. 

100 ml. 

100 ml. 

T. G. 

48 

68 

6.32- 8.31* 

600 



8.30 

3.1 

6.9 

0.98 




9.32 

295 

0.67 









10.32 

132 

0.72 

6.6 

10.07 

3.1 

9.2 

1.00 




11.25 

246 

1.61 

7.9 








12.35 

130 

1.72 

19.6 

12.26 

3.4 

5.6 

1.05 

A. D. 

38 

54 1 

6.24- 8.11* 

410 


24.8 

7.44 

4.4 

5.0 

0.80 




9.12 

310 

0.82 

11.1 








10.12 

136 

0.80 

5.6 

9.41 

4.6 

6.1 

0.85 




11.12 

240 

1.24 

7.5 








12.14 

240 


28.9 

11.44 

4.8 

5.9 

0.96 

E. S. 

29 

58 

6.44- 8.01* 

423 

■n 

42.2 

7.36 

3.7 

5.5 

0.76 




9.02 

386 


14.5 








10.03 

270 

■eh 

9.8 

9.36 

3.7 

7.3 

0.62 




11.02 

250 

1.42 

15.5 








12.01 

164 

0.87 

24.8 

11.33 

4.3 

5.2 

0.75 

A. T. 

47 

61 

6.45- 8.05* 

378 

iHUH 

27.2 

7.49 

4.5 

5.3 

0.61 

i 



9.06 

370 


12.8 








10.06 

508 


9.0 

9.50 

4.5 

11.7 

0.85 




11.06 

352 


11.8 





1 


1 

12.04 

126 

0.60 

15.7 

11.43 

5.1 j 

6.4 

0.65 

R. W. 

26 

59 

6.00- 8.34* 

256 

■■■ 

31.3 

8.29 

4.5 

7.0 

0.79 




9.33 

252 


13.6 








10.33 

176 

■^H 

7.0 

10.07 

5.0 

6.6 

0.63 




11.33 

520 


9.9 








12.34 

320 

1 

1.36 

17.9 

12.06 

5.2 


0.70 

J. c. 1 

23 

49 

6.20- 8.42* 

291 

M 

22.6 

7.55 

4.9 

7.3 

0.84 




9.41 

127 


14.6 







i 

10.42 

200 


8.3 

10.32 

5.4 

9.5 

1.00 




11.42 

298 

1.42 

13.1 








12.42 

167 

0.91 

' 17.2 

1 

12.21 

5.8 

9.0 

0.72 

J. R. 

15 

52 

7.15- 8.09* 

320 


1 

30.2 

7.44 

4.9 

8.9 

1.30 




9.10 

248 

1.00 

11.9 








10.13 

239 

1.68 

10.0 

9.45 

5.1 

8.3 

1.16 




11.10 

250 

1-52 

14.2 








12.09 

248 

0.72 

26.7 

11.44 

5.5 

7.5 

1.15 

F. M. 

44 

66 

6.55- 7.59* 

458 


29.2 

7.34 

4.7 

6.6 

1.09 




9.00 

355 

0.64 

14.4 








10.03 

240 

1.07 

10.8 

9.39 

4.7 

7.3 

1.16 




11.00 

246 

1.33 

10.6 








12.00 

216 

0.65 

17.7 

11.38 

5.4 

5.4 

0.96 
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TABLE 2~Conchulnl 



1 

i 

1 

i 

riSKf. 8*«ftTA 


) 

stocri tiurtr.t 



1 Acn 

jurrcia i 

t i 









Ttmr 

I Vol. 

' Hit-j-atic 

i I’fif 

] rir.it pi 

■ S'f«fn 

Ustti-' 1 

rrnrvii; 


5 


CoUfciinn 

; ntnr 

j ar;-5 

; ati'* 


i' Bfic tdd 

sci’i 1 

ari'I 

- •-*-»- -• 

! .. 

1 



4 - r^. ,, ...H, , 

■* 

- ‘ .... ^ 


1 ^ 




f 

] 

I 


■ 

/m. 


! 

j 

j ip.in.f 

rtfr.J j 

ntri./ 



i 




1 Ar. 



ti'Zr-l. 1 

r.o fj. 

K. r. 




I 


j 45.4 

I 7.4.5 

1 a.i 

0.0 1 

0.S7 


j 

1 

! i 

o.io 

\ 72 

0.2? 

i 22.fi 

1 

i 

5 

t 




f 1 

1(1. in 

I ao 

O.-W 

[ 0.1 

1 0.4S 

I H.4 

11.0 1 

0.01 



j i 

11.20 

i cv> . 

f • " 

O.W 

1 10.7 

\ 

1 

1 1 


i 

f 

f 

! ! 

i ' 

< 1 

12.24 

i '■! ; 

0.50 

] 15,2 

\ 11.55 

1 i 

J J 

1 11.0 i 

! i 

0.8? 

\ 

b'.ame subject 

’.fob 1 

7.10- a. 00 

! 

> J 


Ql 

mi 


mSSK 


lowing day i 


1 1 

j 

.i 


m 

m 


m 

L. G. i 

! 44 

! 

f 1 

C..30- s..s;5* 

1 420 i 

! 

1 

! 72.0 : 

1 S.50 ^ 

1 2.-S j 

13.1 1 

1.35 

i 


1 ( 

It.. SI 

; i 

No pre- 

i 1 

1 

j 

? 


i 

i 


1 j 

11.20 

! 500 1 

cipitate 

! 15.2 ! 

' 10.51 


13.1 ] 

1.74 

i 


i i 

1 

12.5.0 

, -,<0 1 


1 10.5 5 

1.01 

1 

15.4 i 

i 

J 

2.10 

H.orno. sub- : 

as j 

7.50- s.rin* 

! 1.5S 


1 :i.i.7 > 

K.IO 1 

\ 

4.1 

1 

i 


jCTt L 

r, j 

1 i 

(1.20 

\ .1.54 

0.74 

; 25.1 1 

i 

1 


1 


moK. Ja(cr j 

> i 

10,50 

: 210 

0.52 

1 5.G i 

! 

t 


1 

i 



i 

1 

1 

11.50 ' 

i 102 

1 .77 

i ! 

1 

! 


1 

1 


( 

1 

! 

i 

12.. 10 i 

! 52 

1.00 

1 10.0 \ 

t 

f 


1 

1 



All subjects inRcstod SO m^m. of sodium benr.»ate per bttm. body vreipht except J. Il> 
(102 in 5 ?m,/kp:m.) and F. M. (Cl uiKm./kpm.). The sodium bennoatc was ingested nt the 
time marked by an URtcrisk. Sul)Jeets K. F. ami L. G, (first test) had toxic jaundice. 
•Subject L. G. tv.as recovered from jaundice at (he time of tho second test 15 months later. 

In 21 of 24 subject-^ a moderate increase in i)lood lactic acid was obsen'cd. 
The average incrca.se for the total group was l.o mgm. percent at ll hours after 
the ingestion of the benzoate. The standard error of the mean was ±0.45. 
The increase is considered significant as it -would have been observed by chance 
less than once in one hundred occasions (t = 4,(51, P < 0.01). In the samples 
collected 31 hotirs following ingestion of benzoate, the blood lactic acid levels 
were decrea.sing wlien compared to the 1-1 -hour values. This pattern of increase 
and decrease was singularly confined to the blood lactic acid, as it did not occur 
in the pj-ruvic acid and uric acid levels and in several other constituents (also 
cell volume) determined sporadically in individual cases. 

The degree of increase in blood lactic acid had no correlation with the amount 
of hippiiric acid excreted. However, the trend of the lactic acid shift paralleled 
the uric acid retention in the individual subjects (cf. table 2) and m the total 
group. The parallelism is apparent from table 3 in which the matched statistical 
values of si.xteen subjects are presented. There was no correlation of the magni- 
tude of the lactic acid shift nith the degree of uric acid retention in tho individual 
.subjects or between the subjects, nor was the correlation of the absolute blood 
lactic acid levels with the uric acid excretion significant. 
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Mg. Sodiiim Bsnzoato 

Fig. 1. Correlation between uric acid retention and retained sodium benzoate. Ordi- 
nates ; Ratio of pre-test uric acid e.xcretion rate over e.\cretion rates for third or fourth hours 


following ingestion of sodium benzoate 


/Uo Uo\ 

■ \Ui’ vj' 


Abscissae : Amount of sodium benzoate 


in mgm. per kgm. body weight not e.xcreted ashippuric acid at the time corresponding to the 
indicated retention of uric acid. Correlation coefficient = -j- 0.79 rfc 0.044. All subjects 
ingested 80 mgm. of sodium benzoate per kgm. of body weight. Circles represent subjects 
with toxic jaundice. 


TABLE 3 

Changes in blood lactic acid and pyruvic acid levels and in uric acid excretion 
during hippuric acid synthesis 

Values represent averages of 16 subjects. Only subjects ivithout 
evidence of physical disease represented 

LACTIC ACID PVRin’IC ACID VEIC ACID EXCRETIOX 

Standard Standard Standard 

JVIgm./lOO error of Mgm./lOO error of Mgm./lir. error of 
the mean | the mean | the mean 

Before ingestion of sodium 


benzoate 6.2 ±0.29 0.83 ±0.038 29.0 

1-J hours after ingestion 8.0 ±0.36 0.81 ±0.033 7.7 

3^- hours after ingestion 6.6 ±0.32 0.81 ±0.038 20.2 
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(’OMMi'.NT. Thf }nd(<*rH i.f uric ucH rcii-ji?!.-.!-, it 5>r---crii- itself in uur <:.!»- 


yt'rvafifttts- j-cc-in? io df'jx'p.d tin t v/< 




^Jne 3\- tiif uviorp?!!)!! (jf ilif iiicc'tcf! 


i)cnz(iuf<> from the pistrountc.-tiu:-.! irru'!, the ot?if«r ■ ih^* ni^f- nf innetivation of 
IIk- Ixar/oatr' by >iyntlif-:u« to hiiipurir Kodtmn bniizoai/;; i.v -orhtxl 

from the into.-^lirinl tr:i(;f faster than it }< /•liminalcfi f?y •••ynt hc.-Is to hippstne 
acid, and the oteec.^s <ii f^odiimi Ixaizoatc in the organi-m cfTcct?^ retention of uric 
acid. When the anionnt of 5>en;a»ato ab''or}x=d per ttnif of time erptaS-' lhat of 
Irenzoute removed by Hyiitlie>is at the same time the retention of tiric aeld 
reaches its peak, kollowinjit tlio ])eak of retention the uric acid excretion rapidly 
incrc.ases. It .“^eems [)n»i);jb]e th.at very little adrhtion.'d .codnim !)enzoafe is 
.absorbed in this phase of the synfliesis and that, the uric acid excretion increases 
in proj)c)rtion to the removal of the absorlxal sodium benzoate by .syntljcsis to 
hipptjric acid, rins posl-Hbsorj)live period corresponds to the correlation graph 
presented in figure 1. 

In conformity with Ibis interpretation is the occurrence of some proportional- 
ity between the intensity of uric acid retention and the rtite of hippuric acid 
synthesis during the initial period of the .synthesis. An example of this pro- 
portionality is presented in table 1. The .subject F. M. with a slow nito of syn- 

thesis has higher values for uric acid retention in the first two periods (~ 2.1, 

U \ 

~ 3.0 j than the rapidly s.mthc-sizing K. P, (1.2 and 3.G respectively). Appar- 


ently the subject with the sloa* rate of .synthesis accumulates more Ixjnzoate than 
the subject who clirninate.s the benzoate by r.apid synthesis — provided the ab- 
sorption proceeds at an approximtvtely erpial rate. As a consequence, the re- 
tention of uric acid is higher in the subject with a slow rate of synthesis. 

'Idle final chemical p}ia<?o of the .synthesis, i.e., the phase 1 h.al leads to the forma- 
tion of hippuric acid, does not, seem to be c.s.sent ial for the occurrence of uric acid 
retention. ThLs contention is derived from the experiments of the subjects 
with destructive liver di.sease. A remarkable retention of uric acid occurred in 
these subjects even though very little hippuric acid was formed (cf. subjects 
K. F. and L. G. in table 2). 

Tlie process of excretion per .so of hippuric acid by the kidney does not seem to 
have any relation to the uric acid retention. Tlie retention of uric acid increased, 
reached its peak, and decrca.sed even when the excretion of hippuric acid re- 
mained at a comparatively even rate throughout the synthesis. Additional 
evidence to this point was obtained when it was found that sodium hippiirate, 
ingested and recovered in tlie ui-ine in amounts comparable to those excreted 
during hippuric acid .synthesis, did not cause a retention of uric acid similar to 
that found after the ingestion of sodium benzoate (unpublished observation). 

The po.ssibility that the obser\-ed changes in the blood lactic acid are associated 
with the mechanism of uric acid excretion seems to be indicated. In favor of 


this as-sociation are: the con-sistent occurrence of the change.s in the blood lactate 
comparable to the con-sistent occurrence of the uric acid retention, the parallel- 
ism of the lactate shift with the direction of the shift in uric acid excretion, and 
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the fact that the shift in the blood lactate is in a direction which would be ex- 
pected on the basis of the obseiY''ations of Gibson and Dois 3 ^ 

SUMMARY 

The uric acid retention which occurs during hippuric acid s 3 Tithesis from in- 
gested sodium benzoate was investigated in ph 3 rsicall 3 '' health 3 ^ schizophrenic 
subjects and in two subjects with a destructive liver disease. ''' 

The degree of uric acid retention was found to be related to the amount of 
sodium benzoate retained in the organism. A correlation coefficient of + 0.79 
± 0.044 between the uric acid retention and the retained sodium benzoate 
was obtained during the third and fourth hours following ingestion of sodium 
benzoate. 

An increase in the blood lactic acid level was observed during the S 3 ^nthesis. 
The increase in lactic acid paralleled to some degree the concomitant decrease in 
uric acid excretion. 

Interpretations of the mechanism of the uric acid retention are presented in 
which the uric acid retention is considered a consequence of the absorption of 
benzoate rather than a phenomenon associated with the process of s 3 Tithesis of 
hippuric acid. The changes in the blood lactic acid level are considered evidence 
of some involvement of lactic acid metabolism in the uric acid retention. 
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IX VIVO IIKMOLYSIS I'HODCCEI) ItY SOAl> IXJECTIOX' 


I- wjij.Aiii) rnKiAiAX, Airniri! j/jiwv ,v,i, v!ctoi! jouxso.v 

FroM thi. I’vArernitit of Dryi'sritn/nl of }‘/:tjtir,logH 


^ Ucfyivo'i for Octo!)rr W'.'f 

ICvidence indicalinf>: that. hf.'nioh\<iK {j!riy.< a role in llie normal dcstniclion of 
rf'd l)loo(l (‘o]lc luiN 1)0011 I'ovifwtrd by Irrtaos (H>37). 3’lin })oic:nt homolvtic sub- 
sjarmo dninon^trablo in tlio thonicic ducf lympli of dno4 fo!Io\vjnK thn ingo^fion 
of a high fat inral (.Tohn*;on and Frwinan, lOriS) apjH'ag- to bo froe fatty acids or 
soaps which have escaped resynthesb irj neutral fats (Freeman and Jolmson, 
10105. 'I iiat the free fatty acids atui soaps reach the blood .stream in stifiiciont 
(piantilies t*> dninagc the red cells has been (hannnslrnted in bile fistula dogs in 
vivo (Loewy, Marehello. J'reeman and .lohnson, JO 13), in normal dog? (Longini, 
Freeman and Joluison, 11512), and in normal human beings (.lohnson, Longini 
and Freeman, 1013). Dther workers (Faust atul Scluninkc, lOOS; iMeyendein, 
1012; Adler, 1013; Hrinkman, 1020) have pointed onl the importance of hcmoly- 
.si.s by free fatty acids. 

Since it appears tliat a given hemoh'.sin is far less potent in vivo than it is 
when tc-sted in vitro by the u.‘mal jrrocedures {Ponder, Hyman and White, 
1011), it wa.s felt desirable to olAain additional data on (1) the actual quantity 
of free fatly acids or soajis needed to i)ro<luce hemolytic action in vivo; (2) 
the quantitative relationships between amount of homol}'.?in injected and the 
e.xtenl of tlic hemoly.sis, and (3) the rapidity with wliich soap injection causes 
hemoly.sis. 

Methods. Doga were anc.s(hctired by the intravenous injection of 300 mgm. 
of barbital .<odium per kilogram of body weight. Bile pigment excretion was 
emploj'ed as a measure of hcmoly.sis. The cy.stic ducts were tied, and the com- 
mon bile ducts were oannulatod for the collection of bile. The left jugular vein 
was cannulated for injections. In all dogs — control and e.xperimental — a stom- 
ach tube was passed and 20 cc. of 0.5 per cent sodium glycocholate were ad- 
ministered every 30 minutes to insure a sustained flow of bile. In collecting 
bile from anesthetized dogs it is frequently obsoivcd that the volume of secre- 
tion falls off rapidh* although the pigment excretion remains constant. The 
administration of various bile acids causes definite choleresis but does not alter 
the pigment excretion (Berman, Snapp, Ivy, Atkinson and Hough, 1940; Hooper, 
1910). 

In addition, Ringer’s solution was injected into the jugular vein at the rate of 
0.5 cc. per minute throughout the period of obseiwation. In the experimental 
animals, vaiydng amounts of sodium oleate (Merck) dissolved in Ringer’s 
solution were substituted for the ordinan’ Ringer’s solution for a period of one 
hour, after an initial control period of one hour. These sodium oleate-Ringer’s 

1 This work was aided in part by a grant from the Dr. Wallaee C. and Clara A. .Abbott 
Memorial Fund of the University of Chicago. 
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solutions were turbid, indicating that the pH was lower than 8.0 and that partial 
or complete hydrolj^sis of the sodium oleate occurred (Leathes and Raper, 
1925; Medveczk}’- and '\^atin, 1930). This suggests that the active principle in 
these preparations probablj^ was some intermediate in the hjdrob^sis process or 
was free fatty acid. These substances are far more active at body temperature 
than at room temperature (Edward, 1939). 

Bile samples were collected every half-hour and were analyzed for bilirubin 
content using the oxidation technique described by Malloy and Evelyn (1937). 

TABLE 1 


Hourly output of biliruhin in 21 dogs, as modified by the intravenous injection of sodiuin oleate 
The soap was injected over a period of one hour, following the control hour 


DOG NO. 

WEIGHT 

SOAP 

INJECTED 

MnXICRAMS BILIRUBIN EXCRETED PEE KILOGRAM 

Control 

Hours after inicction began 

1 

2 

3 

4 

s 

6 


ism. 

msm. per 
kgm. 

M 







1* 

8.1 

None 


0.116 

0.131 


mm 

0.146 


2 

18.9 

None 


0.278 

0.176 

0.138 

■miwf 



3 

8.4 

None 

WBM 

0.115 

0.160 

■ 0.104 

0.091 

0.088 


4 

13.8 

None 

0.179 

0.221 

0.184 

0.125 

0.101 

0.116 


5 

20.6 

None 

0.143 

0.091 

0.166 

0.098 

0.090 

0.105 


6 

10.9 

3.6 

0.473 

0.439 

0.491 

0.479 ' 




7* 

19.5 

5.0 

0.174 

0.256 

0.171 

0.169 




8 

11.7 

5.1 

0.112 

0.157 

0.211 

0.187 

0.156 

0.109 

0.111 

9 

12.7 

5.9 

0.217 

0.228 

0.305 

0.422 

0.392 



10 

16.5 

7.5 

0.239 

0.250 

0.355 

0.432 

0.390 

0.366 

0.397 

11 

10.9 

9.2 

0.110 

0.190 

0.246 

0.175 




12 

6.8 

10.0 

0.112 

0.201 

0.251 

0.334 




13 

17.3 

10.0 

0.139 

0.214 

0.200 

0.250 

0.205 

0.205 

0.210 

14 

4.3 

12.5 

0.261 

0.365 

0.430 

0.291 

0.261 



15* 

13.6 

15.0 

0.222 

0.287 

0.655 

0.265 

0.201 

0.265 


16 

10.9 

20.0 

0.105 

0.154 

0.277 

0.300 



! 

17 

13.6 

25.0 

0.133 


0.378 

0.304 




18 

18.7 

25.0 

0.113 

0.119 

0.242 

0.276 

0.417 

0.302 


19* 

23.0 

30.0 

0.048 

0.106 

0.207 

0.358 

0.332 

0.317 


20 

12.1 

41.3 

0.205 

0.456 

0.500 

1.438 

0.338 

0.795 


21 

8.0 

50.0 

0.235 

0.490 

0.708 






* Plotted in figure 1. 


Aliquot samples of 0.1 cc. were used instead of the 0.5 cc. suggested bj^ these 
authors, since the latter quantity gave solutions that were too concentrated. 

Results. In the control dogs, the volume of bile secreted tended to remain 
rather constant or to decrease gradually. The quantitative bile pigment out- 
put likewise remained constant or gradually deci'eased (see table 1, dogs 1-5). 

The injection of sodium oleate in Ringer’s solution usually but not always 
increased the volume of bile secreted. Bile pigment excretion was increased in 
every animal in which more than 3.6 mgm. of soap per kilogram was injected, 

















I- V-', A. LOI'AVY AM) V. JOHNVOX 

juul in nlnK)~t all <raKf;>-, an incnaiH-cl of hWc pi(.oncnt roninifncod in 

the eouive. of the lamr <li!nnp' v/iueh the oleate wa-^ injeefed, 'riu- f-orrelation 
helween the amount of foap injecffal ami the quantity of hile pipnen! excreted 
<xm lie .‘•Ten from the data of tal>ie t and i'- i{niphif‘;diy illn.'-trated in fipire 1, 
'rhe injeetion of o ingnu of soap (li) {Hrr hilottrain hiidy weight e,au~'*d the excre- 
tion of .an extra 0.074 ingrn. of hiliruhin f>e|- hjtogrsun, a.nd th'c injeetirjn of I.a 
mgin. of soap {{.') per kilogram produceii fhafi.'f extra mem, of hilirttbiii p^^r kilo- 
gram. Not all of the tmimalc te.g,, (’) were followed for a time .sufruaent to 
allow for the excretion of all of the e.xtr.a hile pigrnejit rec'ultiiig from the hemoly- 
eau.-=cd liy soiip inj(!etion. 

Ihscuaf^iox. J^)nder (Itt.'iO) ha^^’ p?)it»te<l n;it, that, although a .«ingle Large 
injee.tion of a lyain may fail to prochice intravasenhir hemoly.^is', quantities 



Fig. ]. EfTccton bilirubin excretion of intravenous injection of Ringer’s solution (A — 
control), 5 mgm. sodium oleatc per kilogram body wcigiit (B). 1.5 mgm. per kilogr.am (C), 
and 30 mgm. per kilogram (D). Units of bilirubin excretion are arbitrary, the control flow 
being expressed as unity. 

supplied over a period of time may do so. The latter o])ser\\ation is borne out 
b3' our findings, since as little as 5.0 mgm. of soap per kilogram injected over a 
period of one hour produced measurable homol.vsis. 

It is of interest to attempt an estimate of the po.ssible significance of these 
findings in the daih' destiaiction of red blood cells in normal man. IDoes fat 
ingestion contribute to this process? 

In dog 15 (table 1, and fig. 1C) the injection of 15 mgm. of soap per kilogram 
caused the e.xcrction of an extra 0.563 mgm. of bilirubin per kilogram. Es- 
timating 1 gram of hemoglobin to yield 34.9 mgm. of bilirubin (Cruz, Hawkins 
and Whipple, 1942), we conclude that, under the conditions of the experiment, 

1 mgm. of injected soap liberated roughly 1 mgm. of hemoglobin. 

Attempts have been made to estimate the quantity' of free soap u iiich entem 


IN VIVO HEMOLYSIS PRODUCED BY SOAP INJECTION 559 

the blood stream after a fat meal. Freeman and Friedemann (1935) were able 
to account for onh^ 88 per cent of the fatty acids present in chyle as triglycerides. 
Other investigators (Munk, 1880; Moore, 1903; Artom and Peretti, 1936) using 
varied techniques have shown that from 3.0 to 45.0 per cent of the fatty acids in 
chyle are not combined with cholesterol or glycerol. Most of these figures 
indicate that about 10 per cent of the fatty acids in chyle remains free. If this 
be true, at least 8 grams of free fatty acids or soap sould enter the blood stream 
in a man on a diet containing 100 grams of fat. These 8 grams should free about 
8 grams of hemoglobin, or roughlj' that contained in 50 cc. of blood. If man’s 
blood cells survive 100 days, the cells of about 50 cc. are destroyed daity. This 
suggests that the fatty acids of a normal diet could account for all of the normal 
dail 3 '- red blood cell destruction. This estimate is probably high, since in the dog 
experiments the soap was injected in one hour, while in man the duration of 
maximal absorption of digested fat lasts probably more nearlj’’ three hours, which 
might reduce the estimated proportion of red cells destroyed daity by fatty 
acid from 100 per cent to perhaps 35 per cent. 

Further light is shed on the problem by the experiments of Loevy, Freeman, 
Marchello and Johnson (1943). This work demonstrated that adding 5 to 10 
grams of fat per kilogi-am to the diet of dogs in chronic experiments increased 
red cell destruction bj’’ an average of 37 per cent. In a normal man, the inges- 
tion of about one-fifth tliis amount of fat per day might be expected to account 
for about 8 per cent of the normal daily red cell destruction. 

From these different approaches to the problem jdelding figures of the same 
order of magnitude, it would seem conseiwative to estimate that from 8 per cent 
to 35 per cent of the daily red cell destruction occurring in a normal man on a 
normal diet is due to the ingestion of fat, and the absorption of lytic quantities 
of fatty acids and soaps. This represents a significant fraction of the normal 
dailj’- red cell destruction from all causes. 

This conclusion lends fuither support to the concept of Johnson and Freeman 
(1938) that absorption of the products of fat digestion into the tymphatics 
(Freeman, 1940) is an adaptive mechanism, which prevents excessive hemob’sis 
parti}’’ because of the dilution of the lytic agent before it comes into contact with 
red blood cells. 


SUMMARY AND CONCLUSIONS 

1. In dogs anesthetized with barbital, the rate of red blood cell destruction 
was determined bj’’ collection of bile and quantitative anatysis of the bile pig- 
ment excretion. 

2. The intravenous injection of as little as 5.0 mgm. of soap or fatty acid per 
kilogram produced a definite increase in red blood cell destruction. 

3. Red cell destruction was greater Avhen larger quantities of fatty acid or 
soap were injected. 

4. Bile pigment excretion started to increase in the course of the hour during 
which the fatty acid or soap was injected. In some cases the increased secre- 
tion persisted for some hours after the injection was stopped. 
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5, CaiculatiMUK from the-c nnd olhcr duta indicafrr tliat fd):»'orf)f:<i free fatty 
•arids mu! «o:ip'~- from tlio fat of a normal diet are ro'-jKjnHihle for llin lytic de- 
st met ion of a ^igtiificant |.iroporfu'n of the daily red Wood rel! di.- 5 fniction in a 
normal Iturnan iKong. I*>titnutod ron>eto-a?iveU', red <-el} doHtnjction front 
this catiHo is from S per (a-nt to .'lo p*,-r cent of tiu? total daily desiniction. 

0, Fiirther support i< lent to the eoneept that ah.''’f>r[)!ion nf tlic prfxiucts of 
fat digestion into the honphatics U an adaptive rneehnnism. preventing exces- 
sive destnud ion of red blood cells. 
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ACTION OF EQUINE GONADOTROPIN IN NORMAL AND HYPOPHY- 
SECTOMIZED IMMATURE MALE RATS^- 2 
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The effectiveness of gonadotropic hormones may be markedly influenced by 
the frequency or route of injection. A single injection of human chorionic or 
anterior pituitary gonadotropin is not as effective as the administration of 
the same total dose in divided quantities. Equine gonadotropin (pregnant 
mare serum), however, has been shown to be just as effective when administered 
to the immature rat in a single subcutaneous injection as when the injections 
are divided (1-5). Pencharz (6) demonstrated in both normal and hypophy- 
sectomized female rats that the dail}'^ administration of a low dose of equine 
gonadotropin is more effective by the intraperitoneal than by the subcutaneous 
route, although Evans et al. (7) failed to find this difference using a greater 
dosage. A single injection of equine gonadotropin, regardless of the route of 
administration, exerts a somewhat greater effect on the ovaries of hypophysec- 
tomized immature rats than do daily subcutaneous injections (8). Corpora 
lutea formation resulted in some animals following intraperitoneal and intra- 
venous injections of a low dose but was not observed after subcutaneous hor- 
mone administration (8). 

The increase in seminal vesicle weight in the male rat has been proposed as an 
assa}’' method for luteinizing hormone (9). In view of the variation in ovarian 
histology caused by varying the route of administration it was deemed of inter- 
est to study the response of the normal and hj^pophysectomized immature male 
rat to equine gonadotropin administered by several different injection routes. 

M-'Vterials and methods. Normal immature male rats, 24 to 26 days of age, 
were used to study the influence of the route of injection. Equine gonadotropin 
(Gonadin)2 was injected a, subcutaneous^; h, intraperitoneally in equall}^ 
divided doses once daily for 5 days; c, subcutaneously, and d, intraperitoneallj’’ in 
a single injection. 

Equine gonadotropin was administered either subcutaneously or intraperi- 
toneally in equally divided doses once daily for 5 days to lij’^pophysectomized 
immature rats. These rats were hypoph 3 'sectomized at 30 to 36 days of age and 
a S-da}”" postoperative interval was allowed to elapse in all cases before treat- 
ment was instituted. All pituitaiy capsules were seriallj* sectioned, stained 
with Mallory’s triple stain and examined microscopically. Only data from 
completelj^ h 5 '^pophysectomized rats are presented. 

1 Supported by a grant from the Penrose Fund of the American Philosophical Society. 

= Grateful acknowledgement is made to Mr. Jacob P. Halperin for valuable technical 
assistance. 

^ Equine gonadotropin or pregnant mare serum, Gonadin, was gencrousl}' supplied by 
Dr. D. H. Wonder, Cutter Laboratories, Berkeley, California. 
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Total dosage- 

—I r.u. 




i i 

tn, ! 


1 1 

i 

] 


7 

•10.0 ' 

53.7 

Daily .subcutanooua X5 

! 450) j 

14.1 d:1.7 1 

51.1 ±3.1 

"• 

ao.o 

5.3.9 1 

Daily intrai>critoiit>al X5 

! 439 1 

15.0:b0.9 I 

49.4 ±2.1 

0 

42.8 

mam 

Single subcutaneous 

1 j 

13.7 ±1.3 I 

50.2 ±3.7 

7 

39.0 


Single intraperitoneal 

1 i 

12.7 ±1.7 1 

45.0 ±2.7 


Tot.nl dosage — 2.5 r.». 


IG 


57.0 

D.aily subculnncous X5 

I m 

13.4 ±1.2 

1 49.7 ±7.4 

13 


GI.O 

Daily intnaperitonea! X5 

} 537 1 

[ 23.5 ±1.5 

1 40. S ±4.5 

M 

44.1 

51. G 

Single fiul)cutancous 

1 472 j 

( 14.7 ±1.2 j 

! 45.0 ±3.0 

12 

43,7 

59,4 

Single inlr-ipcritoneal 

i i 

13.9 ±1.1 j 
{ 

45.5 ±2.3 


Total dosage — 5.0 r.u. 


1 

14 

44.8 1 

50. S ^ 

Daily subcutaneous X5 

i 4S2 i 

1 25.9 ±1.3 

1 GO. 3 ±1.2 

10 

•19.2 

04.0 

D.aily intraperitoneal Xo 

! i 

^ 3/ . 7 ; 

; 78.0 ±3.0 

10 

•14.3 

58.0 

Single .subcutaneous 

4-44 

21.5 ±3.3 ; 

.56.0 ±2.7 

13 1 

40. 0 

54.8 

Single intraporitoncnl 

I 440 

25.0 ±2.4 ; 

GI.2 ±2.9 

Normal controls 

22 

40.4 

GG.G 

i 

1 

! 458 i 

! i 

S.7 ±0.3 1 

' 33.0 ±1.4 


Em = rne-in de\nntitm of the mean. 


these accesson,’^ organs was of the .same degree regardless of the manner of in- , 
jection. When the total dosage was increased to 2.5 r.u., the daily intraperi- 
toneal route proved to be the more eftective mode of administration. It was 
noted, however, that seminal ve.sicle weight was not increased to a greater ex- 
tent with the 2.5 r.u. dose than with the 1 r.u. dose except where the daily 
intraperitoneal injection method was used (table I). 

Results similar to those obtained with the 2.5 r.u. dose were also obtained with 
a 5 r.u. total dose. The daily intraperitoneal route again proved to be the most 
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effective manner of administration. The single injection methods were just as 
effective as the dailj’- subcutaneous route over the 120-hour test period. 

Since the intraperitoneal injection method was more effective than the sub- 
cutaneous route when the hormone was administered once daily in 5 equally 
divided dailj^ doses in normal rats it was deemed of interest to investigate the 
reaction of the hypophysectomized rat. It was found that a 2.5 r.u. total dose 
would definitel}^ stimulate the accessoiy reproductive organs of the hypophysec- 
tomized immature male rat but the varied methods of administration exliibited 
no difference in potenc 3 ^ Greater activity of the intraperitoneal over the sub- 
cutaneous route, however, was obtained bj'^ using a 5 r.u. dosage (table 2). 

Testis weight in the treated hypophysectomized rats, while greater than that 
of hypophysectomized controls 10 da 3 ’^s postoperative, compared favorabl 3 '^ with 
testis weights obtained 5 days postoperative^, indicating a maintenance action. 

TABLE 2 


Responses of hypophysectomized immature male rats to equine gonadotropin 


NO. OF 
HATS 

BODY WEIGHT | 
AVERAGE 1 

MODE or INJECTION 

I AVERAGE ORGAN tVEIGHT (SIGM. ± Em) 


Start 

End 


Testes 

Sem. ves. 

Vent, prostate 


Hypophysectomized control animals 


B 

zm. 

80.7 

tm, 

77.5 

None 

231 

7.6 ±0.9 

9.5 ±0.8 

Animals receiving 0.5 r.u, daily for 5 days 

10 

86.1 

83.0 

Subcutaneous 

443 

14.9 ±2.1 

26.0 ±2.5 

7 1 

1 

85.3 

80.6 

Intraperitoneal 

543 

15.7 ±2.0 

26.4 ±3.3 

Animals receiving 1.0 r.u. daily for 5 days 

13 

82.0 

76.5 

[ 

Subcutaneous 

335 

17.9 ±2.9 

32.0 ±1.4 

11 

87.0 

81.6 

Intraperitoneal 

523 

42.8 ±5.0 

36.0 ±3.2 


Secondaiy spermatocytes were present in the seminiferous tubules but speima- 
tids were absent. 

Discussion. The daily administration of equine gonadotropin to normal and 
h3’-poph3>-sectomized immature male rats reveals the greater effectiveness of the 
intraperitoneal over the subcutaneous injection route as detexmined b 3 '^ seminal 
vesicle weight increase. Dosage was found to be a determining factor, however, 
since total dosages of at least 2.5 r.u. and 5 r.u. had to be injected into normal 
and hypophysectomized rats respectivel 3 ’’ to detect this difference. 

The anterior lobe of the prostate gland of hypophysectomized male rats has 
been shown to be more sensitive than the seminal vesicles in response to hog 
pituitaiy extract (10) . The ventral prostate of the rat responded readib'- to small 
doses of equine gonadotropin but the weight of this organ did not vaiy when the 
route of administration was altered. 
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The incrcepod cITectivcnc?'! of tlio intmperiloneal roiito ns compared v/ith the 
subcnituneouR rmile in hypophvf-’octomized male and female rat? indiwites another 
ditTcrenco between prcRnanf marc aemrn and the anterior pituitary gonadotropic 
ext racts. FraenkebConrat et al. (11) found that t lie route of administration did 
not influenec the activity of their interstitial cel! stimulating hormone (ICSJI) 
in male rat-s. Fevold (12) reported FSII to be ineFecti%'e inlrnpentoneaHy 
whereas Evans ct al, (13) found PI?!! no more active when administered intra- 
}>critoncalh’' than when injected subcutaneously into rats. 

Previous cx})erimcnts on hypophy.scctomi;^ed immature fomalo rats indicated 
that a 10 r.u. dose of equine gonadotropin injected infraperitonealJy causes the 
fonnation of coi-poni lutca wlicreas the .«ame dosage injected subcutaneously does 
not (8). In fact, at Ica.st -JO r.n. of the hormone had to be injected b^' the .sub- 
cutaneous route to cause corpora lutca formation (14), Further evidence to 
.show that tlie luteinizing action of equine gonadotropin varies with the route of 
administration is shown in the.se experiments on hypophysectomized immature 
male rata. IT.sing .seminal vesicle weight as an indc.x of hitoinizing action, it was 
found that a 5 r.u. total dosage injected intrapcritoneally incrca.scd .seminal 
vc-siclc weight to 42,8 mgm. wlierca.s it has been .shown previously and irith the 
same material but injected subcutaneously Hint a total dosage of 100 r.u. must 
be used to equal this response (15). TJius the luteinizing action of equine 
gonadotropin, under certain experimental condition.s, becomes more pronounced 
wlicn the hormone i.s administered intraperitonea]l.^^ Thc.se experiments em- 
phasize the importance of dosage and route of administration in the response 
elicited b}' equine gonadotropin in tlie rat. 

SU.M.MAIiy 

The response of normal and hjqiophysectomized immature male rats to equine 
gonadotropin administered by varied routes was studied. A single .subcutane- 
ous or intraperitoneal injection was equally as potent as were divided sub- 
cutaneous injections. The greatest increase in seminal vesicle weight was pro- 
duced bj' daily intraperitoneal injections. 

These data .show that the route of administration is a determining factor in 
the luteinizing action of equine gonadotropin. 
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SRNSn'rVrTY of DROHOPIHLA to poisoning by OXYGEN’ 


CAnnorj. wifjjArvfr. ani. npxnv k. nimcimi 

From ih) Anrr^thc’-.in LnharnUiry of (hr Ilnnanl Mdiiral School ot the fhaupnchireitr Gcnrrnl 

Ihapitol, Bru ton 

Hoco'ivhJ for public.'itiofi AtiKti^f 21, HUS 

Jilc range of oxygen tonf-ioiif? %vitliin whicii nerobie life is possible is character- 
ized by upper as well as lower limits. 'I'lie e.vistence of tij)per limits results from 
the toxicity of liigh tensions r)f oxA'gen. An examination of the axfcnsivo litera- 
ture in regard to this phenomenon reveals that a sensitivity to poisoning by 
oxygen api)arcntl 3 ' obtains for the entire taxonomic spectrum, from liacteria 
(Tiiaysen, inS*!; Bean, 1011) ami protozoa (Clovclancl, 1925; 1934) up through 
the human species (Case and Haldane, 1911). Since anaerobic orgnnisrn.s are 
especially sensitive to the ])rescnce of oxygen (Quastel and Stcphen.son, 1926), 
the deleterious properties of oxygen c.xcess are even more uni\X'rsnl than of 
o.xj'gcn deficiency. Thus consideration of com})arative physiology .suggests the 
possibilitj' that high tensions of oxygen affect sy.stcms that arc of general distri- 
bution among organisms. 

The object of the present rc})ort is to doscribo the sensitivity of a single .species 
of animal to poisoning by oxygen. Since insects appeared to be strategical^’- 
suited for the st.ud.y, an inl)red .strain of Dro.sojdiila wa.s used as an e.xporimcntal 
animal. 7'he rea.son.s for this choice may bo .‘summarized as follows; 1, gencticalh' 
homogeneous .strains were available that e.s.sentially eliminated variability due 
to hereditary factors; 2, the small size of insects permits the use of high pres.sure.s 
-within gla.ss chambers without serious risk of explosion; 3, the nature of the 
respiratory s.ystem facilitates rapid equilibration, via the tracheal SAXtem, with 
experimental gas mi.xtures; 4, insects are insensitive to abrupt changes in pres- 
sure; and .5, the degree of recovery following non-lethal poisoning was measurable 
in terms of the frequency of Aving-beat during flight. 

Methods. All the experiments described in this report were performed on an 
inbred strain of Drosophila azteca xar. Deer Creek, that was provided by Prof. 
Th. Dobzhan.sk 3 ^ The insects were reared and isolated in bottles containing a 
standard agar-cornmeal-molasses-yeast preparation at a temperature of 20.0 ± 
0.5°C. The age of the insects used in experiments was controlled within iO.5 
day. 

This particular strain of Drosophila was chosen as a test animal because a 
previous study of the frequency of wing-beat of 24 species and varieties had 
demonstrated a minimal -v'ariability in the case of “Deer Creek” (Reed, Y illiams 
and Chadwick, 1942). 

Two techniques Avero used to study the .sensithdty of Drosophila to poisoning 
by oxygen. In the first group of e.xperiments we measured the lengths of time 
nece.s.sary for specific high tensions of oxj-gen to kill the insects during the period 

' This study was aided l)y a grant from the .Josiah Macy, Jr. Foundation. 
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of exposure. Tiiis was accomplished by placing the animals within vials, loosely 
plugged with cotton, and sealing them within steel pressure tanks (size D, with 
screw valve head). O.xygen was then added from a commercial cylinder and the 
experhnental ox 5 'gen tension ascertained at room temperature by means of te.st 
gauges fitted to a needle vah^e, the fifth of an atmosphere of oxygen initially 
present in the ah’-fiUed chamber being taken into account. Thereupon, the 
tanks were immersed in water baths at temperatures controlled vnthin ±0.05°C. 

Approximately ten males and ten females of each of four ages were tested in 
each tank. These age groups were 0-1, 3-4, 10-11, and 20-21 days old, thus 
covering the major portion of the adult life of Drosophila azteca. By preparing 
a series of tanks and opening them after varying periods of time, it was possible 
to ascertain within progressivelj’^ narrower limits the duration of exposure neces- 
sary for lethal effect in the presence of specific combinations of temperature and 
oxygen tension. Since the extremes of variability are not likely to occur wthin 
samples as small as twenty animals, the minimal duration of lethal exposure was 
judged in terms of the absence of any recovery (100 per cent kill). The true 
lethal duration of exposure was considered to lie midwa 3 ^ between the minimal 
lethal exposure and the maximal non-lethal exposure. 

In a second group of experiments the toxicity of standard high tensions of 
oxygen was determined in terms of the exposure necessary to render Drosophila 
incapable of any spontaneous or reflex movements. This was possible by means 
of the apparatus previously used in connection with studies of insect flight and 
described by Williams and Chadwick (1943). The Pyrex chamber was washed 
out mth oxygen and nine additional atmospheres of oxygen rapidly added, the 
apparatus being immersed in a water bath at a temperature of 20.0 ± 0.05°C. 
Stroboscopic measurements of the frequency of wing-beat were performed at one 
atmosphere of pressure before and after exposure to oxygen in order to ascertain 
the degree of recovery. 

Stages in oxygen 'poisoning and degrees of recovery. It has long been recognized 
that the commlsions so characteristic of birds and mammals during the final stage 
of oxygen poisoning are generallj'’ absent in lower organisms. Drosophila during 
the period of non-lethal exposure to high oxygen tensions nevertheless e.xhibits 
characteristic symptoms that culminate in the loss of spontaneous and reflex 
excitabilit 3 ''. 

The several stages that progressively appear may be summarized as follows: 
1, an initial period of excitation accompanied b 3 '’ vigorous leg movements; 2, loss 
of the tarsal reflex controlling the extension and fle.xion of the wings and, at lower 
total pressures, the initiation of flight; 3, spontaneous movements of the legs 
gradually decrease in frequency and the animal stands motionless on the plat- 
form ; 4, a tendenc 3 '' appears for the legs to become stiff and flexed and ultimateh’' 
the stance on the platform is lost; 5, loss of spontaneous movements; 6, loss of 
reflex excitabilit 3 x 

The extent to which an animal recovers after exposure to high ox 3 ’^gen tensions 
is determined b 3 '' the degree of poisoning that has ensued. Brief exposure to 
Ifigh oxygen tension produces effects that are largely reversible. For example. 
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ten female Drosopliila, lO-l I days old, were ;)Iaccd in each of two pressure tanks 
and exposed to 5 atmospheres of oxj'gen, at 20®C., for 1 and 2 hours, respectively. 
At the end of tins treatment the insects v/ere .stored in food bottles and 2-t hours 
later their wing-beat frequencies determined. As .shoam in table 1, the animals 
exposed to oxygen for 1 hour po.'^se.ssed wing-beat frequcneie,s essentially identical 
with those of untreatwl controls. A .slight but .dgnificant decrease characterised 
the group expo$e<l to o.xygcn for 2 houns. 

Similarly, only .small rasidiial cfTccts were found for animals poi.soncd with 10 
atmo.spherc.s of oxygen until reflex activity was lost. When tha=e individuals 
were immcdiatcl.v dccompre.s.scd and placed in air, flight ability was rapidly 
regained. For e.vample, a g;rnup of nine 10-11 <lay old animals had an average 
wing-beat frequency of 201 db 1 .0 double-beats per second before treatment and a 
subsequent frequency of lOS d= 1.9 after 3 houns of recovery. 

Ix)nger pcriod.s of exposure were followed, upon decompression and storage in 
air, by progressively lesser degreo.s of recovery. The norv’ous .system is appar- 
ently a .site of primar}' injury, for the fii'st powers to be permanently lo.st are tho.?e 

TABLE 1 


Wiiig~bcat frequencies of Drosophila after $4 hours of rejcorcry following non-lclhal oxygen 

poisoning by 6 atmospheres of oxygen 


DURATION' or ZXVOSVRn i 


1 

AvrR.\cn T.TNG»rnAT 
rRKQtT.NCV 

DirrERK.vcr. 

tiaarj 


(douJ’tf.ifali/srr.y 


0 (Control) 

5 

201 zt 2.5 


1 

10 

200 ± 1.1 

-1 (0.5%) 

2 

^0 

102 ± 1..3 

-9 (4.5%) 


concerned with the maintenance of balance and equilibrium. After still longer 
exposures, stiff tetanic leg movements are the onh* indication of recovery, and 
ultimatelj'’ the animals are killed during the period of exposure. 

Rdaiion between oxygen tension and toxicity. There is general agreement in the 
literature that the toxic action of an}' given high tension of ox'j'gen is a function 
of the partial pressure of ox 3 '’gen and is essential!}' independent of the tensions of 
inert gases, such as nitrogen, that may be simultaneously present. Our experi- 
ments on Drosophila have confirmed this fact. For example, at 20°C. the lethal 
duration of exposure to 5 atmospheres of oxygen was 6.75 hours, and to 25 
atmospheres of carbon dioxide-free air, 6.50 hours (animals 10-U days old). It 
is therefore apparent that high tensions of nitrogen ha-i'e no effect in protecting 
the tissues from the toxic action of high tensions of ox}'gen. 

The degree to which the toxicity of ox}'gen increases with oxygen tension was 
studied in terms of the length of time necessar}' for a series of oxygen tensions to 
have lethal effect. The results obtained at 20°C. on a total of 300 animals (10-11 
days old) are recorded in figure f. Marked increase in to.xicity clearly accom- 
panies progressively higher oxygen tensions. The rate of poisoning (reciprocal 






OXYGEN POISONING 


569 


of time) by 10 atmospheres of oxygen was approximately eight times that by 2 
■atmospheres of oxygen. 

As demonstrated in figure 2 (upper curve), this relationship between oxygen 
tension and toxicity is linear on double logarithmic co-ordinates, conforming to 
the equation: 

y = 2 . 08 a:-Jsi 

Where: 

y ~ lethal duration of exposure in hours. 

X ~ oxygen tension in atmospheres. 



Fig. 1. Toxicity of oxygen as a function of o.\' 3 'gen tension. Circular points, letJial dura- 
tion of exposure; triangular points, rate of oxygen poisoning. DrosopliiJa 10 to 11 days old 
at 20°C. 

Fig. 2. Log oxygon toxicity as a function of log oxj’gcn tension, for Drosophila and for 
the symbiotic protozoa of termites. 

Fig. 3. Toxicity of 5 atmospheres of oxygen as a function of temperature. Circular 
points, lethal duration of exposure; triangular points, rate of oxygen poisoning. Droso- 
phila 10 to 11 days old. 

The only data on other animals that are sufficiently extensive for cowpaiison 
are the measurements noted by Cleveland (1925; 1934) in regard to the toxicity 
of oxygen for the intestinal protozoa of termites. It is noteworthy that the lethal 
durations of exposure listed by Cleveland likewise agree vith an equation of the 
double logarithmic tyj^e (lower curve in fig. 2); namely: 

y = 1.73a:'3-6o 

Thus at least for Drosophila and for these protozoa the toxicity of oxygen as a 
function of oxygen tension conforms to the relationship that generally describes 
time-concentration curves in pharmacology (Clark, 1933). 

A comparison of the ciuwes in figure 2 is of interest since Cleveland's data were 
obtained in the course of defaunation e.xperiments in which the symbiotic proto- 
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zna poi.^onefl by o.v.vfion wiflioui lnjtji-y (o llu; hoM f(trniite. If ilie -••en.-i- 
iivily of the t('rinilft agiws roiiplily with IluO of Drosopliiiu, llion if is apparent 
why (lefimnutioti is possihlo; whereas the toxicity of oxyyen frtr Drosoj)hiIa varies 
as approximately the second power of oxyj^en tension, for the protozoa the toxic- 
ity varies as approximately the fourth power, 'I’hus, ns demonstrated in figure 
2, with an increase in oxygen tension lf»e duration of exposure necessary for lethal 
elTcc-t becomes progressi^•ely sliorter for the protozoa relative to the insect. 

Jf the toxicity (;f oxygen for other animals likewise confonns to cqnafions of 
the double logarithmic type, then it may la? possible to compare under stand- 
ardized conditions the sensitivities of other organisms in terms of the constants 
A: and n. Such a oomjairison should reveal the utility of oxygen jjoisoning as a 
tcclmiquc in therapeutics. 

Rclaiion hefitrnti tempcralurc and oxygen toxidOj. .Since the vast majorifA’ of 
previous .studie.s of oxygen poisoning wore j)erformed on mammals, (he relation 
between body temperattire and the toxicity of oxygen has been generally disre- 
garded. It is ncverthelc.s.s important to know wiiether a rise in body tempera- 
ture, as in fever, facilitates ox.vgen poisoning; such information is likewise 
necessary to compare the sensitivities of cold-blooded animals, which have in 
most instances been studied with temperat.ure uncontrolled. 

At an o.xvgen tension of 5 at mospliercs the duration of o.xposure necessary for 
lethal clTcct. was studied on a total of -lOO animals (10-11 days old) over a tem- 
perature range from 14.4 to 34.2'‘C. 3'he i-esults described in figure 3 indicate 
that the toxicity increased greatly with a rise in ternj>crature: at 34.2°C. the rate 
of oxygen ))oisoning was nearly eight times as rapid as at 14,4'’C, 

It i.s probable tliat this act ion of temperature is a general property of poisoning 
by high tension of oxygen, for similar observations liave been reported for proto- 
zoa (Cleveland, 1934), bacteria (Tlmysen, 1934), and mammals (Campbell, 
1937a, b). Hence the elTect of temperature on the toxicity of high tensions of 
oxj'gen is contrary to its effect on the solubility of oxygen in body fluids, the 
former varjdng dircctlj' and tlie latter inversely with temperature. 

Since in poikilothermic animals sucli as Drosophila metabolic rate is a function 
of emdronmental temperature, it is a reasonable deduction that the relation 
between oxygen toxicity and temperature is, at least in part, a relation between 
o.xvgen toxicity and metabolic rate. This inference agrees vith the results re- 
ported by Campbell (1937b), who found that the toxicity of oxj'gen for white 
rats was enlianced by thyroxin and adrenalin, and retarded bj" thj'roidectomy 
and starvation. 

Effect of age of animal. Several investigators have noted that old animals are 
more easily poisoned by oxj^gen than young animals. Faulkner and Singer 
(1927) obsen’^ed that old turtles are more susceptible to oxj-gen poisoning than 
young turtles. Similarly, Smith et al (1932a, b) report such an increase with age 
in the sensiti^uty of white rats to chronic o.xygen poisoning, an effect attributed 
primarily to a simultaneous and progressive decrease with age in the thickness of 
the respiratory epithelium of the lung. 

In order to ascertain whether this effect of age lilcemse obtains in the case of 
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insects, where lungs are absent and where the respiratoiy and circulatoiy s 3 ^stems 
are organized on a wholly different plan from those of vertebrates, we studied the 
relatii’-e sensitiidties of four different age groups of Drosophila to poisoning by 10 
atmospheres of oxj^gen, at 20°C. These experiments were performed on single 
indiAuduals within the flight chamber, the duration of exposure necessary for 
complete loss of spontaneous and reflex movements being measured. A total of 
64 animals was tested. 

As indicated in figure 4, the critical duration of exposure was longer for jmung 
than for old animals; the rate of poisoning varied in a linear fashion vith age, the 
differences between all of these points being statistically significant. 



Fig. 4. Toxicity of 10 atmospheres of oxj'’gen as a function of the age of Drosophila . 
Circular points, critical duration of exposure; triangular points, rate of oxygen poisoning. 
At 20°C. 

Fig. 5. Toxicity of 10 atmospheres of oxygen as a function of environmental carbon diox- 
ide tension. • Circular points, critical duration of exposure; triangular points, rate of 
oxygen poisoning. Drosophila 10 to 11 days old at 20°C. • 

It is a curious fact that this effect of the animal’s age in deteimining the dura- 
tion of exposure necessaiy for the loss of reflex actiyity was much Jess pronounced 
when the toxicity of ox 3 ’’gen was judged in terms of the time necessarj'" for lethal 
effect. Nevertheless, veiy ^mung animals Avere clearl}’’ more resistant than ver\' 
old animals. 

Thus the effect of age in modiftfing sensitixity to oxygen poisoning obtains not 
onb' for animals that possess lungs, but also for insects in which lungs are ab.=ent. 

Effect of carbon dioxide. Since the pioneering researches of Bert (1878), it has 
been generallj’’ recognized that manmials are more lapidb poisoned b\ high 
tensions of ox 3 ''gen xvhen the carbon dioxide ten.sion of the atmospheie in in- 
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crcaKcd (Hnnn, lO'il ; Slmw rl oL, |ft3 J). ''i’lnK ob-aiTfttion is of iiiterast in vieu- 
of the llieory advanced by (lesell (H>2li); oNVKcn poisonin;; considered to 
result- from an accumulation of carbon dioxide in tlie tissues, <;onKcf[tient to tlie 
failure of reduction of oxyhcmo^^lobin iji the presence of Iijr!) eoneontrafions of 
oxygen in physical solution in the bloofl. 

Such a mcndianistn may \'ery possihl}* play a sij^nificant role in the poisoning of 
A'crtcbrales in- oxyj^on. Yet from a statul[)oint of comparative p^ly^:^olo^!:y it is 
important, to nolo that the sensitivity «)r oi 72 ;anisms to oxygen ])oisoning is not 
reserved to those animals that, posse.'^s re.spirafory blood pigments and the po.ssi- 
bilitj' of “Piolir ofTcets.'' Many of these lower organisms, such as certain 
protozoa (Cleveland, 1925; 19-3}) and certain insects (William.s, unpublislicd 
data), are more sensitive than mammals to high tension.? of oxygen. Further- 
more, it is known from experimctits to he considered elsewhere that Dro.sopliila 
can sustain piolonged exposure to tension.? of carbon dioxide as high as 15 percent 
of an atmo.sj)licro (in air). .‘\n accumulation of a lethal concentration of carbon 
dioxide in the tissues as a result of exposui-e to high oxygen tensions therefore 
seems unlikely, c.specinll 3 ' in view of the nature of the tracheal re.spiratory .sj’.stem 
of inseets. 

Although carbon dioxide accumulation appear.? to bo i-uled out as the causal 
mechanism in the ])oisoning of insecUs by oxygen, it is nevertheless notable that 
the toxic properties of a ga.s mixture containing a given Jiigh tension of oxygen 
arc increa.sed by tlie addition of carbon dioxide. As shown in figure 5 the critical 
duration of exposure necossaiy to imoducc total los.? of spontaneous and refle.x 
activity by 10 atmospheres of oxygen dccre.ased regularly as the carbon dioxide 
tension increased; the rate of poisoning can be described as a linear function of 
carbon dioxide tension. A total of 53 animals (10-11 days old) were tested. 

Hence for insects as well as mammals, poisoning in the presence of high oxygen 
tensions is facilitated by carbon dio.xide. The e.xtent to wliich this effect may 
be an addition or a true potentiation is unknown. 

SUM^UHY 

The sensitixdty of an inbred strain of Drosophila to poisoning by o.xygen was 
studied under a x^arietj' of experimental conditions. Two end-points were used 
to measure tliLs .sensitivity. In one group of experiments the length of time 
necessary for lethal effect Avas ascertained; in a second group the toxicity Avas 
judged in terms of tlie duration of exposure necessary foi- the loss of spontaneous 
and reflex movements. The degree of recoA’-ery folloAviug non-lethal poisoning 
AA-as determined by comparing the frequencies of wing-beat during flight before 
and after treatment. 

High tensions of nitrogen Avere found to be Avithout effect in protecting the 
tissues against the toxic effects of high tensions of oxygen. 

Marked increase in toxicity accompanies increase in oxygen tension. Under 
standardized conditions the rate of oxygen poisoning by 10 atmospheres of oxy- 
gen was approximately eight tunes that b3'' 2 atmospheres of oxygen. 

The relationship between oxygen tension and toxicity is linear on double 
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logaritlimic co-ordinates and consequently agrees with the usual form of time- 
concentration curves in pharmacology. The toxicity varied as approximately 
the second power of oxygen tension. 

A similar type of relationship obtains for the symbiotic protozoa of termiter,, 
studied bj’^ Cleveland. For the protozoan, the toxicity varies as approximatelj’’ 
the fourth power of oxygen tension. These results suggest a general method for 
compaiing in quantitative tenns and under standardized conditions the sensitivi- 
ties of other animals to oxygen poisoning. 

The toxicity of high oxygen tensions increases regularly with the temperature 
and presumably the metabolic rate of the tissues. At 34.2°C. the rate of poison- 
ing by 5 atmospheres of oxygen was nearly eight times as rapid as at 14.4°C. 

Evidence was found that young animals are more resistant to oxygen poisoning 
than old animals. 

The significance of carbon dioxide as the causal mechanism in oxygen poisoning 
is discussed. The eiddence does not support a general explanation of oxygen 
poisoning in terms of an accumulation of carbon dioxide in the tissues, although 
such a process may be significant in animals containing hemoglobin. 

The toxic properties of gas mixtures containing high tensions of oxygen are 
enhanced as the carbon dioxide tension increases. 

The toxicity of oxygen, as judged from these experiments on Drosophila, is 
therefore not solel}’’ a function of oxygen tension. Among numerous other pos- 
sible factors, the effect also depends on the temperature, carbon dioxide tension, 
and the age of the animal, all of which are knoI^m to affect metabolism. Thus 
ox3'gen poisoning must be considered not only in terms of the reagent, the abso- 
lute tension of oxygen, but also in terms of the reactant, the biochemical meta- 
bolic processes in the tissues. 
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The conocntrafion of orKunie matter in the jiancreatie juice is variable and is 
influenced by fbc type of fotxl used to stimulate secretion (Walther. 1897; Bab- 
kin and Sawitseh, 1908a; Babkin, 1928). 'I'his conclusion is binned for the most 
})arl on experiments in u-hich the food was jiivf.ai In- month or placed in the 
stomach through a gastric fistula. Relatively few studies have been made in 
which the stimulus (excepting HC'D has been placed directly in the intestine. 
Since most pancrcalie stimuli act in the intestine and the intestinal contents 
following a meat of any sort arc^ of complex and uncertain composition it is olni- 
ously impos.siblc by feeding experiments alone to determine tlie specific .stimuli 
responsible for the pecMiliarities f)f the pancreatic juice. We have tmdertaken to 
obtain more preci.se information by .stiulying some of the propcrtie.s of pancreatic 
juice secreted in rc.sponse to measured quantitie.s of .specific stimulating .sub- 
stances placed in the in{cstine.s of fa-sting animals. 

Mnnion.'s. The expoi-iments wore performed on unancslhotizcd dogs in wliich 
gastric and d\iodcnal fistulas had been previously established tinder ane.sthesia 
and with aseptic ])rccautions. The duodenal fistula wa.s placed opposite the 
entrance of the main pancreatic duct. Pancreatic juice was collected through 
a small rubber funnel which was in.sertcd via the duodenal fistula tube. Details 
of this method of collecting pancreatic juice have been reported previously 
(Thomas and Crider, 1940; Thomas, 1941). 

The following stimuli were used in separate experiments: 10 cc. of X'/IO HCl; 
10 cc. of 2 per cent soap solution ; 20 cc. of 5 per cent peptone solution. Each of 
the foregoing was injected into the inte.stinc below the duodenal fistula. In 
addition some experiments were performed in which commercial secretin (4 units 
of “Pancreotest”) was administered intravenously. The soap solutions were 
prepared bA-' dis.solving either “Ivon' Snow” or C.P, sodium olcate in X'/lOO HCl. 
The pH of the re.sulting solution was near 9.5. There was little or no difference 
in the secretion obtained with the t\vo preparations of soap. The peptone solu- 
tion used in a majority of the experiments was prepared by dissolving “Bacto 
Protone” in O.G per cent NaCl solution. Other commercial peptones, also casein 
digests prepared in the laboratory, were used but without significant difference 
in the results. 

Successive injections of the stimulating substance were made eveiw- 12 to 15 
minutes throughout the experiment and the secretion was collected for a uniform 
period of 10 minutes beginning as soon as convenient following each injection. 
The sample collected during the 10 minute period following the first injection 
often differed markedly in its properties from the succeeding samples, doubtless 

574 



PANCREATIC SECRETION IN RESPONSE TO VARIOUS STIMULI 575 

because it contained a variable amount of secretion already present in the ducts 
and not elaborated in response to the specific stimulus. It was therefore uni- 
formly discarded. 

The specific gravity of each sample was determined using a 1 cc. specific 
gravity bottle. Total nitrogen was determined on pooled samples by the micro- 
Kjeldalil method in about half the experiments. Results were obtained on a 
total of 12 dogs, but not every stimulus was used in every animal (see table 1). 

Results. We found that each stimulus used produced a distinctive type of 
pancreatic juice, easily distinguished by its specific gravity and total nitrogen 
content from that produced in response to any of the other stimuli, except that 
the secretion obtained following secretin injection could not be distinguished 
from that following acid stimulation. 

TABLE 1 


Specific gravity and total nitrogen of pancreatic jvice obtained by means of various stimuli 



20 CC. 5% PEPTONE 

10 cc. 2% SOAP SOL. 

10 cc. N /10 HCl 

4 UNITS “Pancreotest” 
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N 

average 
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of 
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average 

Total 

N 

average 
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average 
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average 
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average 
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1.0122 


2-40 

83 






8 



4 
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1.33 
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1.0092 

0.87 

9-42 

11 



11 

1.0124 

2.57 

11 
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1.54 

10 

1.0106 

1.12 

10-42 

11 


8.37 

12 

1.0125 

2.74 

11 

HR! ! 
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11-42 

18 
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3 

1.0119 

2.37 

10 



3 

1.0100 

1.07 

4-43 

10 

BQi 

9.36 

17 

1.0160 

4.97 

7 

BQII 






The specific gravity of the secretion obtained in response to acid or secretin 
stimulation ranged from 1.0084 to 1.0132 except for a single sample obtained 
following “Pancreotest” injection which had a sp.g. of 1.016. The specific 
gravity of a majority of the samples was between 1.009 and 1.011. The average 
for HCl was 1.0102 (twelve dogs) and for “Pancreotest” 1.0106 (six dogs). Ni- 
trogen values ranged from 0.7 to 1.8 mgm. per cc., averaging 1.1 mgm. after HCl 
(five dogs) and 1.02 mgm. after secretin (three dogs). 

The specific gravitj*- of the secretion obtained in response to soap stimulation 
in five dogs ranged from 1.0114 to 1.0188. In a majority of the samples it fell 
between 1.012 and 1.016 and the general average was 1.0133. Total nitrogens 
ranged between 2..35 and 6.16 mgm. per cc. but only two of the pooled samples 
had more than 4 mgm. The average value for the five animals was 3.14 mgm. 

The most concentrated secretion was obtained following the administration of 
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peptoiK'. Specific gravitic.s ranged from 1.0121 to 1.0402 in Uvelvo dogs 
only u fen- .‘•umploH had .s])c<;ific gravities below 1 .010 and except for fbwr; from one 
animal (no. 3-30) not many were abrwe 1.025; the genei-al average was 1.020S. 
Nitrogen \'a)ues in samjiles from five «Iogs ranged from 0.7 fo fl.30 mgm. per ce., 
averaging 7.50 mgm. 

Con.siderable individual variation Wics noted within the group of animals 
studied with respect, to the concentration of their pancreatic juice. This was 
particularly notifiable in the pancreatic juice obtained after .soap or peptone 
.stimulation and was less pronounced when .secretin or HC’l was used as a stimulus. 
One animal in particular (3-39) rf;guliirly ancivAed ven- concentrated juice in 
response to peptone. Soap was not tried in this dog. Another (4-43) regularly 
secreted a more concentrated juice in responsre to soap than any of the others in 
which soap was u.°cd. In spite of the.so variations tlic most concentrated pan- 
creatic juice oljtained from any one animal was always obtained in response to 
peptone stimulation and the least concentrated in ivsponse to secretin nr HC). 
The results on individual animals arc presented in table 1, 

The observed %'ariattons in concentration were not due to variations in the rate 
of secretion. Although the average rate of .secretion following the administration 
of peptone was lc.ss than that following acid, in the amounts u.scd, there were 
numerous instances in Avhieh acid caused less or peptone more than the usual 
amount of .secretion, resulting in 10-minutc samples of approximately equal 
volume. The charactcrislic difference in concentration was evident in these 
samples as in all otheis. Likewise, although the rate of .secretion following 
administration of soap was appro.ximatcly the same as that following acid, the 
secretion evoked by soap was consistently more concentrated. 

Drscu.ssrox. The results of previous work, confirmed b 3 ' this study, prove 
that the pancreas responds differently to different stimuli. The present study 
in particular shows that this specificitj' of response is still manifest when the 
stimuli are confined to the intestine and are not complicated by the manifold 
stimulations associated with eating and digesting food. Clearly the various 
types of secretion cannot all be produced by the action of a single hormone. 
Either there is more than one pancreatic hormone elaborated in the intestine or 
some other mechanism is involved in stimulation of the pancreas by various food 
products present in the intestine. Probably some of tlie different types of secre- 
tion result from selective excitation of secretoix^ reflexes. 

It is uncertain how much significance should be attributed to the fact that the 
secretion obtained in response to '‘Pancreotest" closely resembles that produced 
by acid stimulation. This result certainly suggests that HCl acts solely by 
liberating secretin and that its action is not complicated by concomitant .stimu- 
lation of secretory reflexes. On the other hand, Bylina (1913) reported that the 
dige-stive power of pancreatic juice secreted in response to HCl was reduced 
following administration of atropine. Babkin and .Sawitsch (1908b) found that 
the secretin preparation whicli they used caused a more concentrated pancreatic 
secretion than did HCl and we have often noted that crude secretin causes a more 
concentrated secretion than relatively pure secretin. “Pancreotest” is not pure 
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secretin; hence the secretion Avhich it causes may be more concentrated than 
would result from administration of pure secretin, and its similarity to “HCl 
juice” may be mere coincidence^ 

SUMMARY AND CONCLUSION 

The specific gravity and total nitrogen of dog’s pancreatic juice vary with the 
type of stimulus used to provoke secretion. Peptone in the intestine causes the 
most concentrated secretion, soap causes a less concentrated secretion, and HCl 
the most dilute secretion. The secretion caused by intravenous administration 
of “Pancreotest” resembles that caused by HCl in the intestine. 

Acknowledgment. AVe gratefullj’' acknowledge our indebtedness to Elizalieth 
K. Tillson for making the numerous nitrogen determinations. 
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^ Since the above was written, the work of Harper and Raper (J. Physiol. 102: 115, 1943) 
has come to our attention. They describe the separation from crude secretin of a substance 
which apparently stimulates the pancreas to secrete enzymes. 
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I iu* festinp; of color vision i)y means of fho pspiiflo-isocliroinafic plate? of 
Ishifiani, Sfillinfi; and others hres been aecepterl a? the most useful rneasui-e of 
colf)r l)lindness by the moflical examining officei's of the armed forces. Our 
observation.s, however, have been that many individual.? wlio “fail” these te.^t.s 
can di.«tin,gui.s)» wave lengtli.s normally and we have also observed that two 
complete dichromats do no woi^e with the te.st than certain individuals whose 
wave hmgth discrimination is normal. 

Dunlap (1) has observed that a group of individuals could improve their 
“color vi.sion” by taking large amounts of vitamin A. It i.s a well known fact 
tliat ilio “color blind” can ))e made “normal” by observing the pserido-io.?- 
ehromatic jdate.? through rose colored glass and that the normal .=ee.s the “color 
blind” figures when he looks through blue gla.ss. Such a procedure could never 
affect wave length di.scriminution.s. It only affect.? the relative intcn.sity of 
various wave length.? at the eye. Tliat vitamin thera))y may effect retinal pig- 
mentation and enable the subject to pas.s the test, .as he can do with ro.?e colored 
ghns-ses, is not impossible. If so it would do .so without improving his wave 
length discrimination. 

Tlie.se considerations led to a desire to investigate the following question.?: 
1, What correlation i.s there between the ability to discriminate hue using con- 
trolled spectral .stimuli and the ability to pa.=:s the Ishihara test? 2. What 
correlation is there between either of these abilities and vitamin A administration 
or blood Autamin A? 3. '\\niat explanation can be offered for failure to pass the 
Ishihara test in individuals who have normal hue discrimination? 

Six Ishihara “color blind” students Avere giA'en .50,000 units of A’itamin A- per 
day for eight Aveeks. Seven others AA'cre giA'en the dreg for 4 Aveeks. It Avas 
Avithheld during the second 4 Aveeks and administered again during the third 
period of 4 AA-eeks. Color vi.sion, blood Autamin A, by the method of Yudkin (2) 
and dark adaptation, by the method of Hccht (3) A\-ere tested in all indiA'iduals 
before the experimental period and again at the end of 4, 8 and 12 Aveeks. 

The color A'ision Avas tested by the Ishihara method, by the Holmgren method 
and by the detennination of the aa-oa'c length discrimination threshold using 
spectral stimuli. The apparatus for this last test has been described by Townes 
(4) and consists of a spectrometer in AA'hich are seen two fields in jux-taposltion, 
each illuminated Avith spectral light Avhose AA-ave length and brightness could be 
independently varied. The usual precautions Avere taken to be sure that the 

1 Surgeon, United State.? Public Health SerA-ice (Bethesda,Md.). 

2 Afaxin in oil, 1600 units per drop, was furnished by Winthrop Chemical Co., Inc. 
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eye was not fatigued, and that the judgments were unequivocal. All color vision 
tests were carried out in a well lighted room, there being no dark adaptation. 
Thresholds were determined at 600, 580, 560 and 490 mu. The extreme red 
end of the spectram was determined for each individual. 

Results. Yiiamin A. The figures, vaiying between 118 and 184 Interna- 
tional Units per 100 cc. of blood were within normal limits (average 158). Ad- 
ministration of vitamin A raised the average blood concentration to 217 at the 
end of 4 weeks. The groups that continued the administration had a blood 
level of 230 at the end of 8 weeks and the other group a blood level of 175. 

Dark adaptation tests gave results within normal limits. The whole group 
could see the red end of the spectram normally. There was no shortening and 
hence no tendency toward red weakness in any of the group. 

The Holmgren test showed errors which seemed to be errors in judgment rather 
than in vision. Some individuals would see enough greenness or redness in grays 
or broums to cause them to sort the wools differently than the kej' indicated. 
The dichromats (two individuals) were the only men who confused definite reds 
and greens. The performance of the other men who failed the Isliihara test was 
not worse than that of ten Ishihara noimals. 

In a great many cases there was improvement in the Holmgren scores on suc- 
cessive trials. This seemed to be due to learning the peculiarities of the test and 
occurred equallj’’ in the group which did not have the vitamin during the record 
period and whose blood vitamin values were decreasing. 

Hue discrimination tests showed that two were dichromatic and were able to 
match Avave lengths as short as 525 to 530 niju Avith the red end of the spectrum. 
One of these is not included above because he did not take the Autamin. 

Previous Avork has shown that the blue sensation is not stimulated by Avave 
lengths longer than 517 to 530 mju and that the apparent unsaturation of the 
A-elloAA'ish parts of the spectrum is not due to trichromatic stimulation (5, 6). 
In the dichromat all Ausion aboA^e 517 to 530 my, is seived by a single sensation 
and there is no hue discrimination in this part of the spectram. Dichromatic 
Ausion Avas in no AA'ay affected by A'itarain ingestion. The Ishihara test gave a 
correct diagnosis since tlie cases Avere classified as gieen blind and bj' examination 
Avith spectral light thcA”^ Avere dichromats Avith a long spectrum. 

Tweh'e of the “Ishihara blind” students AA'cre trichromats and could discrim- 
inate colors throughout the spectram. About half of these men had thresholds 
close to the aA'erage of the population (4) and half had someAA'hat higher thresh- 
olds in the orange to green colors. They all had normal thresholds in the blue 
green (490 my). The data are plotted in figure 1. 

Except for small fluctuating changes, all students but one shoAved no consistent 
improvement as the tests Avere repeated. Tins man (R) had the highest thresh- 
old (17 my at 600) in the first test and Avas Avell Avithin the nonnal range in liis 
later tests. Coincident A\fith this improA-ement in hue discrimination Avas a shift 
from “total red blindness” to “partial red green blindness” on the Ishihara test, 
but no significant change either in the blood Autamin, the adaptometer test or in 
performance AAdth the Holmgren avooIs. 
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77/r I Mara kst elii.^Uied iha 12 trichromats into 1, the “partially red green 
blind” (8 tests); 2, the totally “red blind” (3 tests) and the totally “green blind” 
(2 tests). H. changed his elas-ifieation and is here eotinfed twice. At the time 
of the “red blind” te.sts all of the subjects .shov/ed hue discrimination threshold.? 
that w(‘re ilefinitely higher than normal. One r»f the “green blind” .students had 
veiy high thmshold.s and one normal. About half of the “partially red green 
blind” had high thrc.shold.s and the re.sf had normal thrcKhold.s. 

A.sidf! from the subject R disens.'-ed above, one other .subject .showed a change 
in vi.sion which might be attributed to vitamin administration. He wa.s “par- 
tially red green blind” with normal hue discrimination and a blood vitamin A of 
158. After vitamin admini.sf ration lie ran two normal te.sts when libs blood 
vitamin wa.s high (214). When he had .stopped taking the vitamin A and hi.s 



Fig. 1. Relation of w.avc length discriniination in the “Ishihara color blind’' to that in 
the general population. The data of Townc-s (4) arc jdotted as n frequency histogram based 
on the v.ariouB wave lengths te.stcd. The smallest rectangles shown represent a single 
observation. The mean of Townes’ data is indicated by large circles connected by a heavy 
line. The threshold.^ presented here arc those of students classified as red blind, open 
circles; green blind, filled circles; and partial red green blind, squares. 

Ordinates, thresholds in m/i; abscissa, spectrum in ma. 

blood vitamin wa.s presumably back to the original figure the te.st was again 
“partial red green blind.” This one obsenmtion is consistent with the notion 
that retinal pigmentation may have changed under the influence of vitamin 
therapt' so as to change the Ishihara test in the same way as looking through rose 
colored glass. The fact that only one out of 13 indi%'idua!s showed this “im- 
provement” and the fact that hue discrimination did not improve coincidentally 
makes the observ'ation of merely speculative interest. 

Discussion. Townes has shov.m that in the red to green parts of the spectnim 
the thresholds of hue discrimination are distributed according to simple popula- 
tion cun’es (see fig. 1). In the blue green the distribution is possibly bimodal. 
The color mixture data of Hamilton and Freeman are also distributed in a random 
fashion over the population. Townes recognizes that subjects who make 
anomalous mixtures of red and green to match yellow (Rayleigh equation) may 
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have higher wave length thresholds than those who make the usual matches. 
This is a tendency without great predictive value since many who make anomal- 
ous mixtures have low thresholds. 

The above data lead to the conclusion that use of the Ishihara test causes the 
armed forces to discard a large group of candidates, about half of whom have 
noimal Avave length discrimination. The question remains however: Why do 
individuals consistently read the charts ‘bATong” AA-hen they are capable of dis- 
criminating colors that are different by the smallest nuance perceptible to the 
normal eye? 

In charts 6, 7, 8 and 9 most of us see a reddish figure on a greenish background 
or a greenish figure on a reddish background. The background itself sIioaa’s a 
pattern of intensity difference over all. 'V^Tien the dots of the figure are pointed 
out to the dichromat he cannot say that they differ in color from the dots of the 
background. The trichromat, Avho fails the Ishihara test can name correctly 
the color of each dot making up both figure and background, but AA'hen he looks 
at the card as a AA'hole the dots AA'hose color he can see A’^eiy clearty fail to arrange 
themselves into a figure. He talks about a cloud of greenish dots on a reddish 
background or vice A'^ersa. He fails to build up a pattern in his mind out of a 
color difference that he can clearly see AA^hile the man Avho passes the test or- 
ganizes the dots, AA'hose color he recognizes no more clearty, into figure and back- 
ground. The difference betAA^een the tAvo seems to be psychic rather than 
sensory. The same thing applies even more strikingly to plates 12 and 13. 
Even the complete dichromat can recognize chroma in the scarlet and crimson 
dots when he looks at them individually and he can tell that they differ from the 
gray dots AA-hich make up the background. The complete dichromats Avhich Ave 
have tested and some of the trichromats A\fith normal Avave length discrimination 
fail to organize these colored dots into figures and can onlj’- see a “cloud of red 
dots.” Some men AAdio see the figure haA’^e less AA'aA^e length acuity than some 
that do not. 

In plates 2, 3, 4 and 5 (see also HoAA'ell’s Textbook of Physiology, 13 ed. p. 370) 
the dichromat sees the AATong figure because he can distinguish betAA-een blueness 
and red-greenness but not betAA-een greenness and redness and to the normal ej^e 
the red green contrast makes the best figure. The dichromat sees a bluish figure 
against a red-green background or Auce versa. The trichromat AA'ith normal 
AA'ave length discrimination sees the same figure as the dichromat but describes 
it quite differentljL He sees a figure AA-hich is made up of dots that differ among 
themseh’es in color but are separated from the background by being more or less 
intense in color, more or less chromatic. He can tell each dot by its proper color 
name but uses, in his psyche, a different unifjdng principle in making a figure of 
them. Most of us speak, in looking at plate 3 for instance, of a reddish yelloAv 
six AAdiile he speaks of a five AAith a bluish top and a reddish bottom. He prefers 
to use unity of saturation rather than unity of hue in making up his patterns. 

Plates 10 and 11 haA^e a bluish figure on a A^ery contrastly orange, red and green 
background. Most of us OA'^erlook the figure, since our ey^ folloAA's the pattern 
in the background. The Ishihara blind trichromat AA'ith normal AA'aA’’e length 
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dis(Miniiii:ition rlop.s iiDf follow tlip brilliant baokpi'otnul i)attem but fices tho 
fimire. Homo f)l)?-ciTor« i^ny the figure is bluish, some say that it is i)aleish and 
some that it is darkish. 

'I’he evidcMiPc, therefore, leads to the conclusion that the Ishihara and similar 
tests do not tell whether tht,‘ individual te.st.s can diseriminalc Inie but pve a 
rather eonfu.‘=ed intiex as to whether he is or is not anomalous as to the manner 
in which he arranges his visual field into patterns. 

.SU.MMAUY 

(Jver I.'alf of those tested wlio are deficient in the Lshihara test have normal 
wave length discnminalion. 

Two dichromut.s di<l no won-e with the Ishihara (<vt than several .subjects who 
had normal wave length discrimination. 

The Ishiham tost, .seems to evaluate a comj)le\ psychic bent rather than a 
,«ensr))-y doficicticy. 

Dubious imjnovoment occurred in the wave length discrimination of one 
individual out of thii'tcrn uiuler vitamin A administration. 

Dubious imj)rovcment occurred iii the Isliihara response of anothoi* individual 
under vitamin vV administration. 
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In another study (1943) increase of slow waves in the electroencephalogram 
during overventilation was shown by us to be associated with an increase of heart 
rate. Inspection of polygraphic and electroencephalographic records generalh' 
revealed a coiTespondence in the time of appearance of the two changes. Better 
demonstration of the temporal relationship made simultaneous electrocardio- 
graplaic and electroencephalographic recording on the same graph desirable. 
The present paper offem results of such simultaneous parallel recording of the 
two changes. 

Procedure. Human subjects were studied in the course of routine electro- 
encephalographic examinations.^ An Offner four channel resLstance-capacit}’' 
coupled amplifier and ciystograph was employed. An additional magnetic 
marker and amplifier recorded the electrocardiogram, at low amplification, on 
the EEG recording paper. EKG leads consisted of metal clips wrapped in saline- 
soaked cotton placed in the arm pits. Oveiwentilation was carried on for one 
minute periods, regulated b}'' instnictions from the operator. Changes in length 
of inter-R interval of the EKG are multiplied by 5 by using proportional dividers 
(Darrow, 1929; Lindsley and Sa.ssaman, 1938) or a 5 to 1 wedge, and plotted 
downward from the baseline as a record of cardiac frequency. An electrical 
record from near the eyes assisted recognition of artifacts due to ej'e movement. 

Results. A typical record illustrating the slowing of the electroencephalo- 
gram and the simultaneous acceleration of the electrocardiogram is presented in 
figure 1. Additional EEG records along with graphs of simultaneous changes in 
cardiac frequencj’’ are presented in figure 2. These sample records illustrate 1, 
that the time at which slow waves markedly increase in the EEG can generalh'^ 
be identified; 2, that the appearance of .slow waves tends to be simultaneous with, 
or preceded a few seconds by a definite increase in heart rate, and 3, that the 
sinus arrh^'thmia occasioned bj’’ the effort of overbreatliing tends to disappear at 
the time of marked EEG slowing and EKG acceleration. 

To demonstrate the consistency of this temporal relationship, data from a 
group of subjects having pronounced slow waves precipitated in the EEG during 
one minute of overventilation are presented in table 1. Cases with only mod- 
eratelj' increased delta activity are, for present purposes, not considered. For 
tliis analysis the moment of definitety increased slowing of the EEG record was 
determined and cardiac frequency was measured for successive six second inter- 
vals before and after this change. The number of inter-R inten'als for each six 

* Subjects reclined in a darkened, shielded room. 
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?econcl jKM-iod \vjih counlftd to tlie ncaifst 1/lOfh, niultiplic'd by JO, and (ubulutod 
as heart, rate ])or minute. Heart mlo for .successive six second inlerval.s before 
and after beginning JvIaG slowing is jiroscnted. Change in rate between suc- 



I'ig. 1. Relation of liearl rate to tlruvinp of KEG. EKG, elect rocardioRram See, seconds; 
Reap, rospir.ation; K/ifr, KlectroencephnloRrnjn of R. occipital area; II. R. heart rate plotted 
from EKG as described. 

Figure shows I, ctinngc in ICEG at beginning of sloxv waves; 2, simultaneous increase of 
heart rate; 3, simultaneous decrease of sinus arrhythmia. 



Fig. 2. Relation of heart rate to slowing of EEG; four subjects, G, B, F and W. Begin- 
ning slow waves at arrows. Simultaneous heart rates plotted as described. EEG calibra- 
tion 30 microvolts. 


ce.?.sive inteiwals, and total change in rate are .shown in bold faced t 3 ^pe. For 
each .subject the maximum change between successive inteiwals is italicized. 
Jt will be noted that maximum cardiac acceleration rather consistently occurs 
vith, or immediately precedes, slowing of the electroencephalogram. It vill be 
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Change in rate between successive intervals is in bold faced type. 

Maximum increase between successive intervals is in italicized bold faced type. 

The table shows the cardiac acceleration which usually accompanies the appearance of pronounced slow waves in the EEG duringover- 



Heart rate in absence of slowing of KKG durinfj oreri'cntilalwn 
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noted that the total change in indiidduak with slowing of the EEG is consistent!}' 
large. . 

This association of slowing' of the EEG with acceleration of the EKG during 
overventilation is further emphasized bj' data in table 2 on cases in which no sloiv 
waves appeared in the EEG during the one minute of overbreatliing. In the 
absence of a point of definite EEG slowing, table 2 presents a larger number of 
successive six second intervals than table 1, and the maximum heart rate attained 
during the entire period of overbreatliing is also given. Change in frequency of 
successive inteiwals is bold faced as in table 1. The absence in most cases of 
any single point of pronounced cardiac acceleration, and the relatii'eli' small 
change in heart rate from beginning to end of ventilation is to be noted. 

Discussion. The evaluation of these results requires emphasis on the fact 
that these data are obtained during overoenlilaiion. Extended study of simul- 
taneously recorded EEG and heart rate in the absence of hypocapnia reveals no 
such consistent inverse relation of heart rate to spontaneously appearing slow 
waves in the EEG. Even the revemal of effects during recoveiy from hj'po- 
capnia does not show the consistent temporal relationship obseived for precipita- 
tion of the effects. Although at the end of overventilation, recover}' of initial 
EEG and heart rate frequent!}' occur together, there are also numerous instances 
in which slow waves in the EEG persist for an appreciable period after return of 
heart, rate to normal. Rising blood pressure during recovery may be a significant 
factor in this discrepancy, tending, as it does, to slow the pulse while at the same 
time* aggravating cerebral h}'pocapnia by increasing blood flow. Spontaneous 
bursts of sloAV waves also tend to occur after termination of o\'erventilation with- 
out associated cardiac acceleration. It must also be borne in mind that during 
over-breathing cardiac acceleration frequently precedes slow waves in the EEG 
by two or three seconds. Seldom if ever does EEG slowing precede cardiac 
acceleration. Two subjects (E. B. and A. I.) in table 2 showed a point of appreci- 
able acceleration without associated .slow waves in the EEG. Furthermore, 
subjects in whom cardiac acceleration during overventilation is only transitor}' 
do not typically show the large increase of slow wave activity which is the basis 
for inclusion in tliis study. These obseiwations suggest that we are not dealing 
with an immediate and direct effect of cardiac acceleration in the brain. They 
suggest, rather, that something has occurred with develo])ment of hypocapnia 
and in association with fall in blood pre.ssure and cardiac acceleration to favor, 
but not necessarily to initiate, the development of slow waves. 

In a pim'iously mentioned paper (1943) it was shown that marked cardiac 
acceleration tends to occur during overventilation only in the presence of a fall 
in blood pressure, but that without cardiac acceleration, fall in blood pressure 
due to oi'en'entilation does not produce .slow waves. The cardiac acceleration 
is apparently in compensation for the decreased blood pressure and presumably 
involves a decrease of vagal impulses. The associated disappearance of the 
sinus arrh}'thmia of respiratory effort, (fig. 1 and fig. 2, subject W) supports this 
interpretation (Bond, 1942). A temporal relation of cardiac acceleration to the 
appearance of slow wa\'es in the EEG suggests that we are dealing with a condi- 
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lion in ^Yhic.h n diminution of vngnJ effect/? upon the bniin may render the brain 
or it/? bloof] voi-sels more .‘-useejitible tlian othenvire to the constrictor action of 
hypocapnia. 

That vagal .stimulation may produce elect roencejihalograpliic elTecls in pre- 
frontal areas of the brain was <lemonst rated by Bailey and Bremer (19.38). That 
it may produce dilatation of pial and ependymal blood i-essels by v.ay of connec- 
tions through the facial neire, geniculate ganglion and internal carotid ner%'C 
ha.s been demonstrated by Cobb and Finc.singer (1932); Chorobsld and Penficld 
(1932); l^ntman and Ask-Ujrmark (193‘1); and Forbe-s, Na son and Wort man 
(1937).* That blocking of vagal impulse.s to ilie cerebral blood vessels may 
reduce cholim^rgic vastklilator influences at a time wlien de.stniction of acetyl- 
choline by cholinc-sterasf; is accciemterl by increased alkalinity (Gc'sell and 
collaliorators, 19-12, 1913) may lx* crucial. It is j)f!ssiblc that during hypocapnia 
when de.stniction of acetylcholine i.s increa.sed, any appreciable diminution of 
vagal cholinergic va.sodilator impulses to the brain might jirecipitatc .spasmodic 
eficcts in cerebral va.scular mechani-sms. 'rhi.« would account for the obseiA'ed 
relationsliip of EEG to heart rate during ovcr\'cntilation, the absence of a one to 
one temporal correspondence of the two, and c.xplain (he lack of any relationship 
when In'pocapnia i.s absent. 

SUMMARY AND CONCLU.SION 

It is demonstrated tliat in one minute periods of overventilation increase of 
heart rate tends to be antecedent to or simultaneous with slowing of the electro- 
encephalogram. Tile relation of cardiac .and cerebral effects during hypocapnia 
sugge.sts a po.s.sible vagal mechanism. It suggests that reduction of vagal 
cholinergic vasodilator impulses at a lime when destruction of acetylcholine by 
cliolinesterase is increa.sed bj’ hypocapnia may be critical. Consequent con- 
tractions of the cerebral blood ves,scls may account for association of cardiac 
acceleration during oveiA'cntilation with slow waves in the electroencephalogram. 
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® As this goes to press we can report that E. W. Davis, H. W. Garol, J. R. Green, 

and C. W. Darrow, working in Doctor McCulloch's Jaboratorj-, have demonstrated the in- 
fluence of this mechanism on the EEG. It is showm that in cats high potential slow 
waves following oven'cntilation are greatly exaggerated after section of the facial nerve 
proximal to the geniculate ganglion. 
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The purpose of the present study is to determine the effects upon the body 
fluids and total circulating jn-oteins produced by the intravenous injection of 
commonly used crystalloidal and protein-containing solutions. Some of the 
phases of this problem have been investigated, but in some of these instances 
the more accurate methods of determining changes in the body fluids were not 
at that time available. Also, relatively little study has been directed toward 
the extracellular and intracellular fluids as affected by intravenous injections. 

Noimal saline and 5 per cent glucose were shonm to produce a temporary 
increase in plasma volume by Blalock, Beard and Thuss (1). The increase was 
only a small portion of the total volume injected. Similar results were recorded 
by J. D. Robertson (2), Gilligan, Altschule and Volk (3) and Freeman and 
Wallace (4). Murphy, Correll and Grill (5) demonstrated a temporaiy marked 
increase in plasma volume after intravenous injections of hyiDertonic glucose in 
hospital patients. Freeman and Wallace (4) showed that normal plasma and 
hypertonic plasma in dogs led to an increase in jDlasma volume that was sustained 
for several hours. AVe (G) haA'e previously sho^^m also that hj’^pertonic plasma 
in dogs leads to an increase in plasma volume which is proportional to the amount 
of protein injected. 

E\’idence relating to the effect of injection of fluids intravenously upon the 
plasma proteins is not entirely concordant. IMiller and Poindexter (7) obtained 
a decrease of 20 to 52 per cent of total proteins. Blalock, Beard and Thuss (1) 
were unable to demonstrate any decrease in the total circulating protein in normal 
animals receiving crystalloidal solutions. Shearburn (8) reported an increase 
in circulating protein after large infusions. Several investigators (4, 6) have 
been able to demonstrate, on the other hand, an increase in total circulating 
protein after the injection of protein-containing solutions. 

Coller, Dick and Maddock (9) have sho\ra that solutions containing saline 
are retained in the body much more readily than solutions of glucose in water. 
Lai'ge increases in extracellular fluid have been produced in hospital patients 
by injecting glucose and saline solutions as reported by Stewart and Rourke 
(10). These investigators illustrated the tendency for glucose solutions to lead 
to ultimate dehydration. AVe have previously demonstrated an increase in 
extracellular fluid at the expense of cellular fluid, produced by the injection of 
hypertonic plasma. 

Murphy, Correll and Grill (5) found a definite diuresis follovfing the in- 
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<rav(jnoii.s injection of glucose and saline solufions. 'riiis wfts most marked 
afler o per cent glucose. Ilypertonicify of the glucose solution-^ appeared to 
increase tije diure.^jis. 

In a recent study, the elTeet of normal saline, normal plasma, and liypertonir; 
plasma was iiu-estifrated in animals sh»K-ked l>y freezing a hind leg by Muirhead 
and as.soeiafes (11). 

AlKTifons. Normal fasting dogs whieh were anesthetized with pentobarhital 
sodium were used in flii.s study. C\)ntrol studif's won' nuule before the in- 
travenous injections were begun and these consisted of plasma volume, available 
fluid for solution of thiocyanate which w;ls taken to represent roughly the 
extracelhilar fluid, urine oufjnit i>y suprapidue catheter, and total circulating 
plasma protein. The.se studies were repeated as soon as: jjos.sible after the 
intravenous injection wns<'omj)lefed and alsoaimut 21 hours after the completion 
of the injection. The plasma volume was determined by the Evans blue dye 
mctliod (12); correction for disappearance of the dye was made (13). Extracel- 
lular fluid Volume was taken to Ixr repro.scntcd approximately hy the amountof 
fluid available for .solution of thiocyanate (14). The determination of available 
fluid after the intravenous injection wa-s made i)y reinjection of thiocyanate. 
The rale of disappoaraneo of the thiocyanate from the extracellular space was 
determined separately in cacli animal and correction accordingly made in the 
calculation (15). Record of urine output, weight changc.s, and amount of fluid 
injected was kept in each e.xperiment, so that it was po.?siblc to calculate roughly 
the changc.s in int racellular fluid. Total circulating pla.sina proteins were cal- 
culated from the total pi'otein in grams per 100 cc. of plasma and the pla.sma 
volume. The Greenberg method (10), adapted to (he Lumetron photoelectric 
colorimeter, wa.s employed for protein determination. 

The fluids were administered intravenously as follows: normal saline and 5 
per cent glucose were given in volumes of 1000 cc. to each animal in their re- 
spective groups, an average of 100 cc. per kilo of body weight. The solution 
was administered by continuous drip and the average time required for the 
administration was 79 minute.?. Concentrated plasma and 50 per cent glucose 
were administered bj* .sj'ringe. One hundred cubic centimeters of 50 ]ier cent 
glucose was given to each animal in this group, an average of about 10 cc. per 
kilo, and the average time required for administration was G minutes. The 
concentrated plasma used was citrated human plasma. It was admini.stered 
slowlv to avoid citrate effect; the average time required was 20 minutes. These 
animals received an average of 12.G grams of protein in 6G cc. of solution. Nor- 
mal plasma was administered by continuous drip and an average of 20.8 gi-ams 
of protein in 3G5 cc. of solution wa.s admini.stered to each clog in this group. 
The average time required was 50 minutes. 

Both plasma preparations were obtained by diluting dried human citrated 
Ijlasma, prepared by the Adtevac process (17), nith distilled water in the re- 
quired amount. 

All determinations were carried out upon heparinized venous blood obtained 
from exposed jugular veins. 
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Results and discussion. The results of the four tjTpes of fluid upon plasma 
volume, extracellular fluid as available fluid for solution of thiocyanate, cal- 
culated intracellular fluid, total circulating plasma protein, and urine volume 
output are shomi in tables 1 to 5. The results as presented compare control 
values vdth values almost immediately after, and approximately hours after 
completion of the injection. 

1. Normal saline. >In dogs receiving normal saline the plasma volume was 
found to be significantly increased immediately after the injection. At this 
time, an average of 19.9 per cent of the injected 1000 cc. could be accounted for 
in the plasma. This increase, however, was much less pronounced 3 hours 


TABLE 1 

Data onfoxtr dogs receiving 1000 cc. of normal saline, each 
Percentage changes are expressed in terms of the volume injected 


DOG NO. 
AND VrT. 

(kgm.) 

PLASMA 

VOLUME 

CON- 

TROL 

PLASMA 

VOLUME 

APTER 

16-99 

MIN.* 

PLASMA 

VOLUME 

ATTER 

181-260 

MIN. 

1 

CONTROL 

EXTRA- 

CELL. 

PLUID 

EXTRA- 
CELL. 
PLUID 
AFTER 181 - 
260 MIN. 

CONTROL 

CELLULAR 

PLUID 

CELLULAR 

FLUID 

AFTER 

181-260 

MIN. 

CONTROL 

PROTEIN 

PROTEIN 

AFTER 

181-260 

MIN. 

URINE 

VOLUifE 

181-260 

MIN. 


i 

CC, 

CC, 

CC, 

CC, 

CC, 

CC, 

CC. 

pm. 

pm. 

CC. 

No. 1 1 
10.6 

505 

695 

+18% 

660 

+14.3% 

3290 

4000 

+67.5% 

4620 

4861 

+22.8% 

27.8 

25.2 

-2.6 

93 

8.9% 

No. 2 
10.4 

510 

620 

+11% 

445 

-6.5% 

2600 

3640 

+98% 

5140 

4915 

-22.5% 

31.1 

29.8 

-1.3 

245 

24.5% 

No. 3 
10.6 

520 

690 

+17% 

500 

-2% 

3040 

3240 

+20% 

4958 

4808 

-15% 

30.0 

30.4 

-0.2 

950 

95% 

No. 4 
6.7 

330 

035 

+34% 

460 

+ 14.5% 

2110 

2420 

+34.4% 

2940 

3005 

+7.2% 

18.4 

19.4 

+1.0 

500 

55.5% 

Average 

9.5 

466 

658 

+19.9% 

516 

+5.1% 

2775 

3325 

+55% 

4415 

4398 

-1.9% 

27.0 

26.2 

-0.8 

447 

44.7% 


* First figure represents time from eompletion of injection; second figure time from 


beginning. 

later when an average of only 5.1 per cent of the injected fluid was still within 
the circulating blood. This finding is in accord with those of other investigators 
(1, 2, 4). These results would indicate that at the beginning of the injection, 
fluid commences to pass across the capillary membrane into the interstitial 
spaces, into the glomeruli, or into other extravascular locations. This rapid 
and marked passage of fluid might conceivably be expected to carry with it some 
of the circulating plasma protein since it has been demonstrated that the capil- 
lary membrane is not absolutely impervious to protein molecules (18). How- 
ever, our results do not indicate any such significant disposition of the plasma 
proteins. The average change was a decrease of 0.8 gram. Naturally, the 
plasma protein concentration would be expected to and did change in accordance 
with the degree of hemodilution. From these findings we can say that there is 
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no significant lops of (iireuiating plasma protein following the injection of norma! 
saline in the unimnl with iionnal, intact circulation, even thougli large quantities 
of fluid pass across the capillary membrane. 

'i’he. d(!terminati()n of available fluid rerjuircs hmger than the plasma volume 
iletermination, hence at the .stage immediately after completion of the injection 
it is not pctssihle to say what the effect upon exlracadhilar A'olume is. However, 
3 hours after completion of the injection, an average of 55 per cent of the injected 
volume was detected in tlie ext racellular .space. At the same time, the increased 
urine volume had aecoimtcd for an average of AA.l per cent of the injected fluid. 
Except for weight olianges that could be accounted for by the amount of fluid 
injected, blooti withdrawn, and urine output, there wore no significant changes 
in the body weight. This was also true iti the other experiments. Therefore, 


TAHLE 2 


Doga receiving 1000 cc. of 5 per cent gloeofe in >li>;(i[hil tenter, each 


DOC KO. 

AKD WT. 
(ECU.) 

riASUA 

voiiruf, 

CON* 

TtiOt 

rDASUA 

votcur. 

Arrr.it 

UIN. 

rxAsu i 
vcLtur. 
Arrr.R 
J51-1F2 

MIN. 

1 

1 COVTIOL 

1 rXTMK* 

1 CttA.. 

; TtVW 

\ 

r.JCTftA- 
crLL. 
ru;n> 
ATJtH 15!- 

m MIN. 

1 

[ COS*TSOt 
:cr.LLriA» 
■ rtcin 

i 

; Cr.LLVLA.* 

; riviD 
Anuji 

. nuxn 

1 MjN. 

f 

\ 

1 CONTSOfc 

1 rsoTcis 

i 

! 

! rstorrvi 
I AnXB 
15t-l52 

UJN> 

j rsINE 
\ votrui: 

1 151-152 

MI?.*- 

No. 5 
8.1 

<C. 

317 

.c 

390 

+7.3% 

ff. 

300 

-1.7% 

- 

2720 

2910 

0-2^^. 

• ri. 

i 

3330 

i «. 

.3GS.5 

+3.791 

tn, 

21.1 

r«. 

18.0 

-3.1% 

ee. 

425 

42.5% 

No.G 

11.5 

575 

020 

+4.5% 

GOO 

+2.5% 

3020 

3370 

+35% 

5560 

5575 

+1.5% 

34.5 

30.0 

-4.5% 

6.35 

03.5%. 

No. 7 
9.4 

407 

428 

+2.1% 

40S 

+0.1% 

2440 

2020 

-42% 

4010 

5330 

+72% 

19.2 

22.8 

+3.6% 

700 

70% 

No. 8 
13.7 

550 

550 

0 

oOS 

-4.2% 

3000 

32G0 

+26% 

7260 

7460 

+20% 

36.8 

3S.6 

+1.8% 

540 

54% 

Average 

10.4 

470 

494 

+2,4% 

454 

-1.0% 

2795 

2895 

+10% 

5190 

! 

5512 

+33.2% 

27.9 

27.3 

-0.6% 

575 

57.5% 


in animals receiving normalsaline there wa.s no significant change in the amount 
of cellular fluid detected by our methods of inve.?tigation. This a.spect of the 
distribution of injected fluids having been previously uninvestigated, we can 
only say that it is in accord with expectation.s on the basis of pn'nciples of osmosis 
and semi-pei-meable membranes. Sodium and chloride ions being relatively 
unable to enter the cells, one would not expect injected normal saline to enter 
the cells. 

2. Five per cent glucose. It will be seen in table 2 that 5 per cent glucose effects 
a less marked immediate rise in plasma volume than normal saline. Shortly 
after completion of the injection, an average of only 2.4 per cent of the injected 
fluid can be accounted for in the plasma, and at 2^ houre after completing the 
injection the plasma volume is back to nomial if not slightly decreased. This 
obviously indicates an even more rapid escape of the injected fluid from the 
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plasma than nith normal saline. Nevertheless, studies of the total circulating 
plasma protein fail to reveal anj'" evidence of escape of plasma protein from the 
blood vessels. The increase produced in the extracellular fluid was relatively 
small and at hours an average of only 10 per cent of the injected fluid was 
accounted for in the fluid available for solution of thioc5’’anate. On the other 
hand the urine volume at this same time accounted for 57.5 per cent of the 
injected fluid. This still leaves about 33 per cent of the injected fluid unac- 
counted for, and it is our assumption that this fluid entered the cells of the body. 
This might even be expected to occur since the cell membrane is pemieable to 
the glucose molecule. 


TABLE 3 

Dogs receiving GO per cent glucose solutions 

Eacli animal received 100 cc. Changes in values are presented in terms of cubic centimeters 


DOG NO. 
AND WT. 

(kgm.) 

PLASMA 

VOLUME 

CON- 

TROL 

PLASMA 

VOLUME 

AFTER 

29-35 

MIN. 

PLASMA 

VOLUME 

AFTER 

198-207 

MIN. 

CONTROL 

EXTRA- 

CELL. 

FLUID 

1 

EXTRA- 
CELL. 
FLUID 
AFTER 169 - 
178 MIN. 

CONTROL 

CELLULAR 

FLUID 

CELLULAR 

FLUID 

AFTER 

169-178 

MIN. 

CONTROL 

PROTEIN 

PROTEIN 

AFTER 

198-207 

MIN. 

URINE 

VOLIDJE 

198-207 

MIN. 


CC. 

CC. 


CC. 

cc. 

CC. 

CC. 

gm. 

gm. 

CC. 

No. 9 

335 

595 


2240 

2180 

3810 

3670 

20.2 

20.2 

300 

8.1 


+260 



-60 


-140 


+2.1 


No, 10 

675 

615 


3460 

4880 

6940 

5295 

36.8 

36.2 

325 

13.8 


-60 



+1420 


-1685 

i 

-0.6 


No. 11 

735 

695 

560 

3180 

3400 

6320 

5675 

39.4 

37.2 

• 525 

12.7 


-40 

-175 


+320 


-645 


-2.2 


No. 12 

280 

263 

208 

1530 

1240 

3870 

3810 

16.2 

14.0 

400 

7.2 


-17 

-72 


-290 


-60 


-2.2 


Average 

506 

542 

431 

2603 

2925 

5235 

4610 

28.4 

27.4 

388 

10.4 


+36 

-75 


+322 


-625 


-1.0 



3. Hypertonic glucose, 50 per cent. The injection of hypertonic glucose in 
dogs can be shoAvn by hematocrit study to result in a very rapid, short lasting 
plasma volume increase. However, since plasma volume determinations by the 
dye method require a longer time, it is not usuallj’’ possible to demonstrate this 
increase completely. In one of our experiments we did obtain a fairly striking 
plasma volume increase but in others it was relatively slight, the average being 
an increase of 36 cc. Three hours later the average plasma volume was less than 
the control, a finding which has also been observed by others. The total circulat- 
ing plasma proteins did not appear to be affected by the sudden plasma volume 
increment and rapidly occurring escape of fluid to the intemtitial compartment. 
The avei’age protein change Avas a decrease of 1.0 gram. In tvo animals, an 
increase in extracellular fluid occurred, in one a decrease, and in one no significant 
change. The average change was an increase of 322 cc., three times the amount 
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injceted. 'J'hc av«rn|ic mine oiitpiil. was 8B8 r-e. Although thesf’ findings arc 
not sf atist iciilly significant, they correspond to the changes wJiich would Ijc 
expected from introducing a hjiK'rtonic sohition into fijc extra cell u In r cornparf- 
incnt. Hcfore time for ecjuilibrinm would !)e mnehed between the osmotic 
pressure in the cellular and ext racellular fluids, llienf would ]>c a period in which 
the hypertonic extracellular fluid would tend to draw fluid from the cells. It 
is readily seen that hypertonic glucose has an important delivdrating efTect 
ill that almost four limes as much fluid is lost iu tlie urine within a three hour 
period as was injected. At le.ast a part of this fluid lost from the body seems to 
come from the cells, 

4. PUmna fsolulioii^u In table -1 the re.snlfs on dogs receiving injections of 
a})proximately normal pla.stna arc .shown. In these animals the plasma volume 

TAHLE •{ 


Dogs rerfivintj apftfnximntrbj nnrvtnl plasma 


DOC NO. 

{KCU.) 

civr.N* 

t 

1 rwsitA 

ivoLvus: 

j CON- 

rtoi. 

1 

i rLA’ V.\ 
jvoi,viir. 

AtTKK 

2S~7f, 

1 VIS. 

i 

jrLASlfA 

jvoLfwr. 

1 ATrr.n 
* 

«IK. 

i 

} corr- 
1 TROD 

1 rxr»A- 

CELL. 

rLUD 

\ 

( cr.iA.. 
i ru’SD 

1 AtrKK 

1 m}-22S 

1 

j CON-- 

1 ertt. 

; rtriD 

1 

1 

! CF.LL. 

( ytviTt 
; Arrrj? 

1 i/W. 

i 

{ n'j.v- 

( TtOL 
nroTrt^ 

( 

jritfrrEi? 
1 ArTER 

.! n^2:s 

■j ms. 

t 

} 

J mxT. 

•ivoirnE 
f AITES 
i WJ-22S 
! MIS. 

j 



CC. 

ff. 

Cf. 

cc. 

Cf. 

cc. 

1 «• 

: tn. 

1 rr,. 

I 

Xo, 13 
7.5 

500 cc. ! 
30.4 gm. i 

370 i 

575 ; 
4-20.5 

1 

020 

-{-250 

1750 

2120 

-{-370 

.3870 

; 3050 
4-80 

( 24.2 

40.O 

4-10.3 

:! 12 

1 

1 

1 

No. 14 
0.2 

270 cc. 
15.3 gm. 

40-1 

GOO 

!+ioo 

1 500 
;-M32 

2730 

3250 1 
1 -f 520 

4200 ; 

1 

3700 

-500 

27.9 

I 38. o! 200 
|4-10.l| 

No. 15 
8.8 

325 cc. 
10.8 gm. 

1 

450 

5S2 

-fl32 ! 

585 

-M.35 

i 2125 

2430 

4-305 

4485 

432S 
— 357 

28.8 

30.7 

4-7.9 

177 

Average 

8.5 

305 cc. 
20.8 gm. 

428 

! 

000 

-MTS 

GOO 

-4-172 

2202 

2000 

4-398 

418.5 

.3093 

-192 

27.0 

i 

3S.4 

4-11.4 

1.30 

i 

1 


was elevated immediately aftei- the injection and this efTect was well sustained 
during the succeeding tliree lioiirs. An average of 20.8 grams of protein in 3G5 cc. 
was given to these dogs with an average increase of 178 cc. or 49 per cent of the 
injected volume. Three hours later there ivas no .significant average change. 
At the same time the increase in total circulating protein averaged 1 1 .4 grams, or 
55 per cent of the injected amount. These results indicate that there is some 
immediate disposition of the injected protein and of a corrasponding amount of 
water. "WTiether this disposition consists of a deviation to the intenstitial space, 
the lymphatics, or to the so-called protein reserves of the body has not been 
determined. The extracellular fluid was found to be increased by the average 
amount of 398 cc., which closely corresponds to the volume of fluid added to the 
the extracellular space. However, there was an average loss of 192 cc. from the 
cells since there was a moderate increase of urine output. These results are m 
fairly good accord with what would be expected from injecting an isotonic solu- 
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tion into the extracellular space which contains protein moecules, except that 
the loss of some cell fluid is not readily explained. 

With concentrated plasma, the changes produced in the body fluids were 
fairly similar to those previously reported (6). In table 5 it will be seen that 
there was a quick increase in the plasma volume amounting to an average of 134 
cc. for 12.6 grams of protein in 65.8 cc. injected. With a basis of 6 grams of 
protein per 100 cc. of plasma this degree of dilution amounts to 63.5 per cent 
of the calculated blood diluting power of the injected proteins. This compares 
favorably with the blood volume increasing effect of whole or normal plasma. 
The increase in blood volume persisted in these dogs during the remaining 24 
hours of the experiment. These findings and those pre\aousl 5 ’' reported (6) as 
well as those of Freeman and Wallace (4), definitely indicate that hypertonic 


TABLE 5 

Data on dogs receiving hypertonic plasma 


DOG XO. 
AND vrr. 
(kcm.) 

PL.ASiTA 

GIVEN 

PLASMA 

VOLUME 

CON- 

TROL 

PLASMA 

VOLUME 

AETER 

32-52 

MIN. 

PLASMA 

VOtXJUCE 

APTER 

143-167 

MIN. 

CON- 

TROL 

extra- 

cell. 

FLUID 

EXTRA- 

CELL. 

FLUID 

AFTER 

143-167 

MIN. 

CON- 

TROL 

CELL. 

FLUID 

CELL. 

FLUID 

AFTER 

143-167 

MIN. 

CON- 

TROL 

PROTEIN 

PROTEIN 

AFTER 

143-167 

MIN. 

URINE 

VOLUME 

AFTER 

143-167 

MIN. 



CC, 

CC, 

CC, 

CC, 

CC, 

Bi 

CC, 


CWi. 

CC, 

No. IG 

SO cc. 

328 

500 

500 

1640 

1720 


3610 

17.5 

30.5 

10 

7.0 

15.0 gm. 


-fl72 

+172 


+80 


0 




No. 17 

47 cc. 

382 

482 

505 

2320 

2420 

6180 

6057 

21.7 

28.8 

70 

11.3 

8.1 gm. 

i 

-f-100 

+123 


+100 


-123 


+7.1 

1 


No. 18 

70 cc. 

490 

620 

620 

2400 

2620 

5530 

5293 

32.0 


87 

10.6 

14.3 gm. 


+130 

+130 


+220 


-237 




Average 

66 cc. 

400 

534 

542 

2120 

2253 

5107 

4987 

23.7 

33.8 

56 

9.6 

12.6 gm. 


+134 

+142 


+133 


-120 


+10.1 



plasma will produce an increase in plasma volume depending upon the amount 
of protein injected. The total circulating protein was increased by an average 
of 10.1 grams which represented about 80 per cent of the injected protein. The 
increase in extracellular fluid was found to average 133 cc., about twice the 
average volume injected. There was a decrease in cellular fluid of appro.ximatel}’ 
the same volume possibly indicating that the lij'^pertonic effect of the fluid in- 
jected into the extracellular space draws fluid from the cells. There Avas an 
average urine output of 56 cc. during the course of the e.xperiment. This con- 
stituted a slight but definite diuresis. 

CONCLUSIONS AND SUMJL4,RY 

It can be stated that injected normal saline effects a temporary rise in plasma 
Amlume, (most of) which has decreased after 3 hours; that this marked pas.sage 
of fluid does not carry an}" appreciable amount of protein AAnth it; that almost 
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nil nf (hfi injfictcd lluid is lo be accounlcd for, nt the end of throe hours, in tlie 
cxiracellnlar spnee (by far predominantly the interstitial s})aces) and in the 
increased urine outj)ut; and that there is no siamineaiK alteration in the oelhilar 
fluids following the injection. 

^Vith 5 per cent glucose, there is a less striking itu'rease in the plasma volurnCj 
which has CDm])lotely dis:ipj)eared by the end of hours. This rapid loss of 
fluid also fails to cause any loss of protein from t he circidation. The extracellular 
space aecommodatc.s ti small amount of the injected fluid at the end of 21 hours, 
but a con.sidcrable (juantity lues als:o entered the cells, presumably l)ccause the 
cell membrane is pennoidde to the glueose moletade. Five per cent glucose pro- 
duces a quick and marked diuresis whieh accounts for over half of the injected 
fluid at the end of 2?, hoiirs. 

Although hyjicrtonic glucose produces a fjuick and very temponir\’ increase 
in plasma volume, the methods employed for determination of plasma volume 
do not enable us to demonstrate this change in most cn.scs. Twenty-nine 
minutes after the completion of the injection, the increase was very slight and 
by three hours the plasma volume was less thai» normal. It is sugge.stcd that 
the extracellular compartment is increased by withdrawing fluid from the cells. 
These body fluid shifts do not appreciably alTcct the circulating pla.sma proteins. 
Due to the diurc-sis produced by the small quantity of fluid, 50 per cent glucose 
is actually dehydrating to cells and to intcr.«titial fluids. 

Normal plasma and hypertonic phi-^^ma were both found to have a quick and 
sustained cfTcct in increasing the plasma volume. The increase was propor- 
tionately the same in each instance depending upon the amount of protein 
injected. In neither case was the volume incma-sc 100 per cent of the theoreti- 
cal, and similarly there was some di.sposition of a part of the injected protein, 
the location of which is unknown. While normal plasma characteristically 
produced an incrca-se in the extracellular fluid as a result of fluid volume injected, 
the same effect wa.s obtained by hypertonic plasma, presumably by withdrawing 
fluid from the interstitial fluids and from the cells. 
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AXD LIVER, FOLLOWING THE ADMINISTRATION OF INSULIN 

NATHAN O. HAITIAN ako DAVID M. GHELNBKRG 
Diviaion of Ihochr.mirlrn, Ihuvtmtl) of Cnlifornin Medical School, Berhdey 


for ptihlicfttion October IS, lOi'S 

Several (iifiereiU cotK^epIs htive hoen advauceti to explain the pliof-'phate 
changes in blood and (issues tlia( folhnv (he adrninisi ration of insulin or epine- 
phrine, (Mri (1) believes that the inorgatiie phosphate vhieh leaves the blood 
under the above conflitifuis- enters (he inusele together with glucose to form 
hexose nu)tioi)hosphate. It has been known for a long time that insulin and 
opinei)hrine [)roduee a decrease in the concent rat ion of the inorganic .serum 
phospirate (1-3) and an increase in the hexf)se monoidiosidiatc content of 
skeletal muscle (1, 4). 

It was found that insulin Ims no ofFeet on musrde hexose monophosphate in 
the adronalectomized animal (I); however, the characteristic increase in muscle 
hexose monojihosiihate was observed following the injection of epinephrine. 
Therefore it wa.s concludc'd by the Cfjri.s (hat when in.^ulin act.s on blood and 
mu.scle phosphate.s, it (loe-s so by inducing a reflex .accretion of ej)inephrine 
consequent to the hypoglycemia cau.sed by the insulin. 

Soskin, lA?vine and Hechter (3), on the contrary, are of the opinion that the 
phosphate chango.s in blood and muscle are not directly related to each other. 
They believe that the fall in .serum pho-sphate i.s due to insulin whereas the rise 
in hexose monophosphate content of mu.scle i.s due to epinephrine and re.sult.s 
from a breakdown of muscle gh'cogen. The.se investigators .suggest that iasulin 
influences the esterification of inorganic phosphate elsewhere than in muscle. 
Thi.s idea i.s ba.sed on the .slight ri.se they obsen'cd in the total acid .soluble phos- 
phate of whole blood following injection of epinephrine, and the fact that al- 
thougli insulin docs not induce changes in mu.scle hexose monopho-sphate.s in the 
adronalectomized animal, it .still causes the characteri.stic reduction in the .‘'onim 
inorganic phosphate (3, 5). 

In contrast to both the Cori and So.skin hypothc.se.s, Nel.son et al. (0) .suggest 
that the decreased .‘'■erum inorganic pho.sphate following the introduction of 
in.siilin can be largely accounted for by a rise in liver acid soluble pho.sphate. 

In the work to be reported below, certain rolatiomships were demonstrated 
between the pho.sphate change.s in blood, muscle and liver following the adminis- 
tration of insulin, when radioactive inorganic phosphate was used as a tracer. 
Without the tracer technique, these relation.ships are difficult to discern. 

Experi.mextao methods. The experiments were carried out on nonnal and 
in.sulinized rabbits. The animals M'cre placed under nembutal anesthesia. 
They were then injected vith radio-active Ha2HP04 containing approximately 
1 mgrn. of P by ear vein. The dosage of imsulin was 0.75 unit per kgm. of body 
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weight. It also was introduced by the venous route and was administered 
immediately following the injection of the radioactive phosphate. The animals 
were sacrificed approximately 90 minutes after the injection of the labeled 
phosphate. 

The inorganic, total acid soluble and barium soluble phosphate contents 
of blood, muscle and liver have been determined in the present work. Inorganic 
and total acid soluble phosphate were determined by the method of Fiske and 
Subbarow (7), the color being read on a photoelectric colorimeter. Muscle 
inorganic phosphate was determined after hydrolysis of the creatine phosphate 
according to the procedure of Cori and Cori (8). Hence the muscle inorganic 
phosphate Amines also include the phosphate from creatine phosphate. The 
barium soluble phosphate, which in muscle consists mainly of hexose mono- 
phosphates, was also determined by the method of Cori and Cori (8). 

The inorganic P^- was determined by precipitating an aliquot of the barium 
insoluble fraction as magnesium ammonium phosphate using, the magnesia 
mixture of Sacks mentioned by the Coris (9). Total acid soluble P^- was 
determined by evaporating an aliquot of the trichloroacetic acid extract to dry- 
ness in a Coors porcelain ashing capsule. The barium soluble P^- was detennined 
in a similar mannner. All radioactive samples were read on the Lauritsen 
electroscope. 

Blood sugar was estimated bj'" the method of Miller and Van Slyke (10). 

Results. Table 1 summarizes the changes in the phosphates of blood, 
muscles, and liver follomng the administration of insulin to rabbits. 

Blood. The data show that there is considerably less inorganic P^- in the Ijlood 
of the insulinized than in the control rabbits. This corroborates the observations 
that insulin has a marked effect in removing inorganic phosphate from serum. 

The insulinized animals also exhibited an increase in the P^^ and P^- values 
of the barium soluble fraction. This finding indicates that the rise which has 
been observed in the esterified blood phosphate (3) may be due to an increase 
in the blood hexose monophosphate fraction. The insulin apparenth' did not 
produce an}'' change in the diphosphogly cerate content of the blood. This is of 
interest, since diphosphoglycerate constitutes a large part of the acid soluble 
phosphate of most mammalian red blood cells. 

The decrease of specific activity of the total acid soluble phosiihate in the 
blood of the insulinized animals .indicates that insulin accelerates the transfer 
of phosphate from blood to other tissues. 

Muscle. The total acid soluble P^*' is not significantly changed following the 
injection of insulin but there is an increase in the total acid soluble P'*-. This 
suggests that insulin may accelerate the rate of passage of phosphate both into 
and out of the muscle cell. 

Our data confirm the previous findings that insulin causes an elevation in the 
hexose monophosphate content of muscle. The increased specific activity of the 
barium soluble fraction in the insulinized rabbits suggests that a large part 
of the P*- entering the muscle is transformed into hexose monophosphate. 

Liver. Insulin produces a marked rise in the total acid soluble P^^ and P^ 
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of the liver. This agrees with the findings of Nelson et al. (6) whose investiga- 
tions were carried out on the rat. 

Further examination of the data shows that an increased specific activity of the 
barium soluble fraction of the liver results from the administration of insulin. 
In liver, the barium soluble fraction consists largel 3 ’- of substances other than, 
hexose monophosphates. However, the data are of interest since they indicate 
that insulin produces an increase in phosphorjdation processes in liver. In. 
experiments with rats, we have found that insulin induces a marked increase in 
the radioactivity of the labile groups of the liver adenosine triphosphate (11). 

Discussion. The concept of the mechanism of insulin action derived from 
this study is in general consistent vfith the views of Soskin (12). However, the 
results indicate that insulin facilitates the transfer of serum inorganic phosphate 
into muscle and liver. This is in contradiction to the view of Soskin et al. (3) 
that muscle and serum phosphate changes following insulin administration are 
not related. The results agree with the findings of Nelson and co-workers that 
liver takes up a large amount of inorganic phosphate follovdng the injection 
of insulin. The diminution observed in the serum inorganic phosphate probabl}’" 
is directly due to the insulin and not to the reflex secretion of epinephrine. 

The Coris and the Soskin group attx-ibute the rise in muscle hexose monophos- 
phate following the injection of insulin to the reflex secretion of epinephrine. 
There is no reason to doubt such a view since even glucose administration does 
not produce anj^ rise in muscle hexose monophosphate (1). There is also no 
increase in the hexose monophosphate content of the lii^er following the admin- 
istration of glucose (1). Furthermore, Cori and Cori (9) have shown that 
epinephrine produces an accelez-ated breakdoivn of muscle glycogen into hexose 
monophosphates in vitro. 

Insulin causes an increase in the hexose monophosphate content of the blood. 
This rise cannot be attributed to secondary epinephrine action. This is evident 
since blood contains onlj'^ traces of glycogen. Therefore the increased hexose 
monophosphate level in blood must be brought about bj' the phosphorylation 
of glucose (by the adenjdic acid sj^stem). 

The action of insulin in increasing the phosphorylation of glucose is not limited 
to blood. Indeed, in order for glucose to be converted into glycogen, or to be 
utilized, it first must be phosphor^dated. Soskin and co-Avorkers (13) haA'^e 
demonstrated a stimulatoiy effect of insulin in the phosphorylation of glucose 
in skeletal muscle slices. The non-accumulation of hexose monophosphate in 
conditions such as adrenalectomy or after glucose administration does not neces- 
sarily mean a decreased ability to phosphorylate glucose under these conditions. 
In the intact animal blood glucose AA'hich is phosphorylated in liver and in muscle 
is either rapidly converted into glycogen or is immediate!}’' oxidized. Therefore 
the influence of insulin on the formation of hexose monophosphate from blood 
glucose cannot be detected in liver or muscle in vivo. It is possible that some 
accumulation of hexose phosphates ma.y take place in the blood folIoAAung insulin 
administration because of the absence of phosphorylase activity in blood. 
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1. 'I’lio rli!inf;f‘H in fhn nui.^ido and livnr prrKlnml l)y in- 

sulin hnvo been studind by innans of traanr (*>;p!Tj}nonts with radioaftivn phos- 
phat('. 

2. Insulin causes an increase in Ifie lota! aeid soluble P*' of the liver and mus- 
cle.; an ine,r<‘a.'<e in tlie total aeid soluble P^’ Avas noted only in the liver. The rate 
of disajtpearance of inorganie P"' from bloofl is aciaderated by in.sulin, 

3. In.'-’ulin induee.s a ri.se in tlie I'*' and P^- of tin? barium soluble fraction of 
blood, muscle and liver. 'I’he .specific, activity of thi.s fraction is increa.«ed in 
muscle and liver Imt not in blofsl. The rbe in tlie barium ,‘^oluble fraction in the 
blood is probably due to an incncised esterification of gluco.-e. In the innscle the 
incr(;asf' mainly rej)re.s(-nts newly .‘<ynthesized he.vo.-e nionoj)}!o.'p)jate. Tlie 
barium soluble fraction of the liver contains very little liexo.'^e monophosphate; 
the main component, may be ftlycerol phosphate. 

4 . Kvidenee is presented wliieh indicates (hat in.‘-niin produce.'^ similar effects 
in blorifi, mus(do ainl liver. 
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While engaged in a study of the physiological effects of thiamine deficiency 
upon cats, it Avas noted that this treatment appeared to increase markedly their 
resistance to low ox 3 'gen tension. This seemed to be correlated with the partiallj^ 
staiwed state or negative caloric balance resulting from the anorexia following the 
withdrawal of thiamine from the diet, a matter Avhich seemed to warrant further 
investigation. After some preliminaiy experimentation we decided to approach 
the problem in the following manner. The length of time a cat could maintain 
respiration in an atmosphere of 3.25 per cent oxj^gen was taken as an index of its 
resistance to 1 oa\' oxygen tension. This time was determined bj^ placing the 
animal in a small metal box, glazed on one side for purposes of observation 
and just large enough to accommodate the cat comfortabl}-, but small enough 
to prevent it from moving about. Through this box air diluted bj^ nitrogen 
to a point where its ox 3 gen content was 3.25 per cent was forced under slight 
positive pressure from a large spirometer containing 108 liters of gas. This 
mixture passed through the box at a rate of about 4 liters per minute, which 
prevented the carbon dioxide content of the air in the box from rising above 
0.3 per cent. In such an atmosphere and under such conditions a normal cat 
would maintain respiration from 15 to 60 minutes. The ox 3 gen content of the 
air in the spirometer was usuall 3 '- determined for each experiment, to insure its 
being at the proper concentration. 

Immediatel3'' after placing the cat in the chamber it was rapidl3'' flushed out by 
the gas mixture described. This flush-out took about 5 minutes and at the end 
of this period the atmosphere in the chamber was the same as that in the spirom- 
eter. During this time the respiration Avas rapidR'^ increasing from a basal rate ' 
of about 40 movements per minute to something between 100 and 200 move- 
ments per minute. The maximum respiratory rate t3'^picall3'' Avas attained in 15 
minutes and from here on it either remained relativoK constant for some time 
or else began a sIoav decline. The final failure of the respiration Avas heralded 
by a sharp drop in the respirator3'' rate, AA'hich up until this time had been de- 
clining sloAAfiy and regularly. AVith a little experience the observer could easily 
recognize the signs of the approaching failure and predict Avutlun a minute or 
so Avhen the final collapse Avould occur. Once complete resphatory failure Avas 
established, the cat Avas removed from the box and revived 63^ artificial respira- 
tion. As a i-ule this never took longer than a minute and usually 15 to 30 seconds 
sufficed. The cat aa^s on its feet Avithin 10 to 15 minutes after remoA^al, and 
Avithin a feAV hours Avas none the Avorse for the experience. 
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Ono exi)osurf? n week wtpi the ni!e for eneli enf . Uhjs aliowinc: ample time for 
recovery between testf* us well us preventing .any acclimutization. Excoj)t for 
IOC and 14 D, as will he diseussed later, none of the eats sliowed any tendenen' 
to incrcuHe their survival time diirinj; the control periods, indieatinf? a luck of 
adaptation to the conditions within the chnTni)er, All experiments wore done 
in the post -absorptive .state and the eats wore wei^^iiod before o-ach experiment. 
1‘oeding occtirred regularly hiio in tin? afternoon nftr'r tlio e.x[)oriments .seboduled 
for that day had boon porfonnod. 

'The oxporimonfs worn ficsigned to .slif)w whether any correlation between 
caloric intake and lusi.stanee to low ox.vgen tension could ho demonstrated. 
To thi.s end the animals were given three different types of diet for varAong 
length,? of time, u.snaliy two to three weeks, to detennine tljo length of time 
resjni-ations could be maintained in an atmosphere of 3.25 per cent oxygen on 
each diet. The three diets \vere 1, a control diet; 2, a thiamine de.deient diet, 
and 3, a reduced diet. 

Tlio control diet con.sisted of enough canned rabbit meat to maintain a constant 
weight or to permit a return to the animal’s usual weight after having been on 
oitlier the thiamine deficient or the reduced diet. TJ»e thiamine deficient diet 
consisted of the same canned rai)l)it meat nntoelaved at. 15 ])r)ands pre.s3ure for 
5 hours. Previojjs .studies' in this laboralon' (Evcj-ett, If) 13) })a\'o shown that 
such a diet produces thiamine deficiency in eats within 5 to 7 weeks. In the 
earlier experiments on the effects of low oxygen tension a feu* cats were carried 
to the point of convulsive .seizure.?, but in liie work reported here the diet was 
discontinued after the animal had been on it for 3 weeks or less. The thiamine 
deficienc}' acted to decrca.so the appetite of the animal to the point where, the 
caloric intake was Amluntarikv reduced to a level resulting in weight loss. The 
anorexia of tiiiamine deficiency appears early, usually u'ithin the first AVeek of 
the diet, and weight lo.sscs Avere recorded AA'ithin the .same length of time. On 
returning to normal diet these Aveight losses A\'ere fully or almost fully restored. 
The reduced diet aa’Us the same as the control diet, reduced .sufficiently in amount 
to put the cat.s on a negative caloric balance. To do this nece.s.sitated ghdng 
about one-fourth of the amount of food usualh* fed supplemented A\*ith As'eekly 
doses of thiamine and other B vitamins. 

Results. The results of tJic experiments are summarized in figures 1 and 2 
and table 1. Tiie figures shoAv graphically the individual historj* of each cat 
u.sed. The length of time the animal maintained respiration during each AA'eekly 
test is plotted on the graphs, together Avith its AA*eight as determined immediately 
before the test. As shoAAm, each cat Avas given a series of preliminary* control 
tests over a period of tAvo or three AA*eeks to determine its resistance to Joav 
o.vj^gen tension on a nutritionally adequate diet. Table 1 gives the mean sun*iA*aI 
times for each control and experimental series presented in figures 1 and 2 in the 
order in Avliich the tests AA*ere conducted. 

1 We arc indebted to Dr. D. F. Robertson and Mr. L. J. Ruland of the Merck Company 
for generous supplies of crystalline A*itamins used in this u-ork. 
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Following the control tests the animal was put on the thiamine deficient diet 
and in eveiy instance an increase in resistance was noted in the first week. This 
diet Avas maintained two to four Aveeks depending on circumstances after AAFich 
the cat AA'as again returned to its usual food. During this second control period 
of tAA'o to three AA'eeks the AA’eight lost during the period of thiamine deficiencj’- 
AA'as regained either all or in part. RecoAmiy being considered complete the cat 
AA'as next placed on a reduced diet AA'here again except for 13E, figure 2, marked 
increases in resistance to Ioaa' oxj'gen tension quickly developed. In some cases, 



120 

100 

80 

60 

40 

20 


□ NORMAL DIET 
^ THIAMIN DEFICIEN 
g REDUCED DIET 


c 

/ 

l&fi* 3D 2B 



DIET 

X 



3 


2 


I 


5 

r 

o 

o 

33 

> 

2 

ca 


WEEKS 

Fig. 1. ShoAA'ing the length of time in minutes that respiration could be maintained in 
an atmosphere of 3.25 per cent oxygen together with weight changes in five cats kept on 
various experimental and control diets. 


those marked Avith an X in the figures, the cats AA’here remoA’’ed from the lespira- 
tion chamber before they had lost consciousness as they gaA'^e every sign of main- 
taining respiration indefiniteljL 

The fact that an increased resistance to Ioaa^ oxj'^gen tension appeared in the 
animals on a reduced food intake make it doubtful AA'^hether on the thiairme 
deficient diet the effect Avas specificallj'' due to a lack of tliiamine. This vie\A 
is further strengthened AA'hen it is recalled that seA’^ere signs of thiamine deficiencA’’ 
require 5 to 6 Aveeks to deA'^elop in the cat. The occasional gaps appearmg in 
the AA'eekly test records (14D, fig. 1; IOC, fig. 2) are due to illnesses occurring at 
the time AA'hen such tests Avould haA'^e been nm. One control cat AA’as mn tlu'ough- 
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out the periofl of tlie other e.vfjeririuentft n2I), fifr. 1} fo eheek the poMbilit y of 
Home tniforcH'en iniviionmontnl eiuin^c influencing the rf->-ul(r:. Thirteen weekiv 
tests gnve no indication of any progressive inerra*-/. or rleen'tisy in the resist ;i nee 
to low o%yp.('n tension. 
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Fig. 2. Siiowing ttie length of time in minutes tlmf respimtion could be maint.ninofl in 
an atmosphere of .3.2.5 per cent oxygen together with weight changes in four cats kept oti 
various experimental and control diets. 


TABLE 1 

?[can survival limes of cals erposed lo 3.25 per ccnl oxygen ivhcn hept on varying control 

and experimental dicls 


PIET i MOfOCR OF IKSTS ( SL'FA'IVAL TIME 

; f 

5 [ ptir.ulcS 


1 , Control - i 

Thiamine deficient j 

2, Control j 

Reduced diet j 

3, Control j 


29 i 33 

23 ! 50 

14 3G.S 

15 63.7 

13 36.6 


Tile results were analj^sed .statistically by niean.s of Fi-sher’s “t” test for small 
samples (Tippett, 1937), comparing the longest sundval times for each animal 
during the expeiimental period with the longest .suiwival during the immediately 
preceding control ran. For the eight thiamine deficiency runs the value of “t” 
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was found to be 5.87 which is well above the value of 3.49 for the 0.01 level of 
significance and for the six reduced diet tests the value of “t” was 3.49 lymg well 
above the 2.44 value for the 0.05 level of significance but slightl.y below the 
3.70 value for the 0.01 level of significance. These results make it e.xtremel}' 
unlikeb’- that the observed effects could be due to chance alone. 

Discussion. Campbell (1938) showed that white rats after six days on an 
exclusive diet of carrots increased their resistance to low oxj^gen tension. In 
these experiments, the pressure of air in a decompiussion chamber was lowered 
to 240-250 mm. Hg to give oxygen tensions of about 50 mm. Hg, corre.sponding 
to about 5| per cent oxj^gen at sea level. As an index of resistance, the number 
of suiwivors in the decompression chamber after 35 minutes was noted and 
while at the beginning of the diet this was onl}’- 12.5 per cent, at the end it was 
100 per cent. He concludes that the weight loss on the carrot diet, which was 

10 per cent to 20 per cent, was not an important factor in this increased re- 
sistance. Nelson et al. (1943) have also found increased tolerance to a simulated 
altitude of 30,000 feet in white rats on carrot diet. Their test animals suffered 

11 per cent weight losses while controls were gaining weight. In a later paper 
Campbell (1939) extended his observation to other diets and from information 
so obtained concluded that the effect of the carrot diet was due to its low protein 
content, as well as to the presence of a large amount of fiber, glutamine and an 
unknown factor. As to the effects of proteins, he concluded that zein and 
gelatin diets increased resistance to low ox 3 *gen tension, while of the amino- 
acids tiyptophane, tyrosine, tysine, glutamine gave protection, and histidin, 
arginine and cystine did not. 

At the present time we are not prepared to speculate as to the cause of the in- 
creased resistance observed in our cats. Suffice it to sa}', this change appears 
to be related to some change in plu'siological state induced bv the I’educed calonc 
intake. Wffiat this change ma^’’ be is a matter for further in\'^estigation. There 
are a number of variables in the blood chemistrv capable of increasing resistance 
to anoxia Avhich maj’- also be related to a decreased food consumption. Camp- 
bell’s dismissal of reduced food intake as being of no importance in the rat Ave 
feel is hardlA' justified under the circumstances. Complete starA'ation for one 
to two daA'S does not seem to us a suitable control for a series of experiments 
i-unning for six daj’^s on a carrot diet, even though the weight loss in each case 
might be compaiable. According to Campbell his rats AA'ithstood staivation 
so pooi’bv that thej' usualh' died at the end of the second da^'. 

SUMM.XRY 

Cats kept on a thiamine deficient diet for one to two Aveeks shoAA'cd on the 
aA'erage an approximate increase of 50 per cent in the length of time thej' Avere 
able to maintain respiration in an atmosphere of 3.25 per cent oxygen. 

Cats placed on a reduced diet such that thcATost 15 to 20 per cent of their bodA* 
Aveight Avithin one to tAA'o AA-eeks shoAA’ed an even greater average increase, in tlieir 
resistance to Ioav oxygen tension. 
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The present investigation was undertaken to determine how long newborn 
rabbits, dogs and guinea pigs can survive when breathing nitrogen instead of air. 
Embiyologists have long recognized the fact that when deprived of oxj’-gen, the 
^etus survived longer than the mother under similar circumstances. 

Certain previous investigations are of special interest. Le Gallois (1), in 1813, 
noted that in newborn raljbits, following decapitation, respiratory movements 
persisted for 15 minutes; in asphyxia by submersion, 27 minutes; after opening 
the thorax, 30 minutes: and following extii-pation of the heart, 20 minutes. 
Thirty days after birth, the adult type of response was found and respiration 
ceased within 2 minutes. 

Paul Bert (2) observed in newborn rats the persistence of respiratory move- 
ments for 30 minutes during submersion in water. Twenty days after birth, 
respiration ceased in about 1^- minutes. He also noted that cat litter mates 
submerged in water at 20 degrees survived 26 minutes, while at 36 degrees the 
time of survival was only 11^]- minutes. 

Observations have also been made upon animals placed in a bell jar into which 
various gases were introduced. By this method, Reiss and Haurowitz (3) and 
Avery and Johlin (4) showed that newborn mice were more resistant than adults, 
Avhether anoxia was produced by carbon monoxide, hjMrogen, carbon dioxide or 
cyanide. The work of Fazekas, Alexander and Himwich (5) further substan- 
tiated this fact. 

Kabat (6) found that, after interruption of the blood supply of the brain, the 
time of survival of the newlDorn dog was four times that of the adult. By ligation 

1 Aided by a grant from the Dr. Wallace C. and Clara A. Abbott fund of the University 
of Chicago. 

- Submitted in partial fulfillment for the degree of Doctor of Philosophy in Phar- 
macology. 
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of voHsels sui)})lying the bniiij, as well as by *h?capit;itjoi), Selle smd WiKon (7) 
ol)served iliai the dtirntioii of txaspinjc inov(!iuents {lecrea.^ed uifii ape. 

TJie forepoing inve.^^tipatioris have been liinit<-d to animals at teiTn and dunng 
the neonatal period, and do not include obsen’ntion.s on the .‘survival time at 
earlier stages of devclojtment. 'J’he obsenmtions to be reported in tlii.^ paper deal 
largely with the rcsistatice to anoxia at various sttiges of fetal life and center 
abotit five main que.^tions: 

1. When nitrogen instead of air is Imeathed, wliat is the survival time of the 
normal newborn rabbit compared with that of the adult? 

2. Is survival time inerea.sed or deen*ased in prcimiture fetuses? 

3. If the newly born sundves longer than the adult, wlint is the duration of 
tiic i)eriod of transition from tlie newl)orn to tlie adult tyj)e of response? 

4. Does a 3-day old ndibit living in the nest survive as long ns a posfmature 
fetus living in the titenis 3 days: jta.st term; or what is the influence of intrauterine 
environment on .survival time? 

5. Jn the com])arison of various .si)ecics (rabbit , guinexipig and dog) vdiat is the 
relation of the stage of development and length of ge.=tation period to survival 
time? 

Methods and matepial, Kj'mograph records of the respiratorv* movements 
were obtained on every animal throughout the experiment . In the smaller, new- 
born animats a plcthysmograph connected with a recording tambour was u.?ed, 
as previously descriljcd by Rosenfeld and Snyder (S). 'I'lic respiratory move- 
ments of the thorax and abdomen were readily obsciwed tliroiigh the transparent 
glass chamber wliich .surrounded the animal. Rubber slieeting was fastened over 
the end of the above chamber and the head of the animal projected through a hole 
in the .sheeting, of such size as to fit snugh' around the neck without leakage of 
air and yet not so tight as to obstmet respiration. A second outer chamber of 
glass through which nitrogen circulated briskly was then placed over the end of 
the first chamber and the head of the animal. A similar arrangement using 
imbber sheeting as described above was used to prevent leakage of nitrogen. In 
adult animals, too large for the plethysmograph, respiration was recorded by 
fastening a small blood pressure cuff around the thorax. 

In everj' animal a record of normal respiration was first obtained. Following 
this the chamber through which 99.9 per cent nitrogen was being circulated was 
slipped over the end of the plethysmograph and over tlie head of tlie animal. The 
time of sundval was measured from the onset of nitrogen administration until 
the cessation of respiration as recorded on the kjTnograph tracing. Obseiwa- 
tions were made throughout at room temperature, about TOT. 

In fetuses at 29 to 35 da^'S which were delivered by hA'sterotoray, obseiw^ations 
on the litters Avere begun promptly following birth in order to detect any changes 
Avhich may occur at this time. 

Obsenmtions were based upon 174 rabbits obtained from 64 litters at various 
stages of development ranging from 29 days after conception to adults; 50 guinea 
pigs obtained from 22 litters; and 28 dogs from 6 litters. 

The rabbits AA'cre reared in the laboratoiw- and developmental stages were 
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known with accuracy since o\nilation regularly occurs 10 hours after mating. 
Furthermore, since labor can be inhibited b}-- injecting extract of pregnancj'^ urine 
a week before term, it is possible to obtain fetuses of extreme postmature devel- 
opment, wliich have survived in the intrauterine environment 3 da3'^s past term 
(9). 

Observations. 1. Rahhit. A. Survival time of rabbits in nitrogen from prema- 
turity to adult stage. From the beginning it was evident that rabbits born at full 
term, 31 to 33 daj^s, possessed a striking tolerance to anoxia. When nitrogen 
■was bi’eatlied instead of air, at 31 da3^s, respiratoiy mo'^^ements continued 34 
minutes as an average in 18 newborn animals obtained from 4 litters. At 32 da3^s 
breatliing continued 31 minutes in 14 animals obtained from 3 litters; and at 33 
da3’^s, the time of sur\dval averaged 27 minutes in 12 animals obtained from 4 
litters. In sharp contrast to these, 6 adult rabbits suivived onl3'- 1| minutes in 
nitrogen. Further observations showed that the adult t3’^pe of response was 
reached 18 da3'’S after birth or about the end of the suckling period. At interme- 
diate stages of development, the time of survival in nitrogen graduall3'- dimin- 
ished as the age increased. In table 1 are summarized the results from a series of 
174 rabbits obtained from 64 litters. 

Interesting light is thro\vn upon the oxygen requirement of fetuses long before 
birth by observations on fetuses delivered b3’' h3’-sterotom3" during the different 
stages of pregnanc3^ Resistance to anoxia observed at the onset of viabihty at 
29 da3's averaged about 30 times as great as in adult rabbits. Thus, in 16 fetuses 
obtained from 5 litters at 29 days, the time of sur^dval was 44 minutes; in 9 
fetuses obtained from 3 litters at 30 da3’^s, breathing continued for an average of 
41 minutes. 

The remarkable tolerance of premature rabbits to anoxia was further borne out 
by the fact that some were reared to adult life after more than 30 minutes in 
nitrogen. In these experiments, fetuses were removed from the nitrogen chamber 
before the final phase of increase in respirator3’’ rate occurred, although a half hour 
or more had elapsed. Respirator3'^ movements were resumed and, in some cases, 
a normal development to adult life was noted. 

Duriug the course of administration of nitrogen, samples of arterial blood were 
taken to determine the oxygen and carbon dioxide content, using the method of 
Van Slyke and Neill (10). Blood was obtained from the carotid arteries, or in 
certain instances b3’' left ventricular puncture. After two minutes of nitrogen 
inhalation there was extreme anoxemia, the oxygen content being less than 3 
volumes per cent. The carbon dioxide content determined at various intervals 
during the experiments in different animals was 30 to 60 volumes per cent. 

B. The time of survival of postmature rabbit fetuses. B3' the experimental pro- 
longation of pregnanc3’', fetuses were obtained which had survived in the intra- 
uterine environment for 35 da3'^s, or 3 days past term. The question arises whether 
or not the survival time was altered by the prolonged period of three days within 
the uterus in contrast to fetuses which had lived in the nest for three days follow- 
ing birth at the normal 32 day term. 

Observations revealed no increase in time of survival in nitrogen of animals 
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livinK in tiic intrautt-rine environment rather than ontpido of it. In rabbits 
vhich had lived in tlie nr>st. fnrZ days follondnn birth at .32 dny.«, the time of .snr- 
%i'\al nveraged 17 minutes in 1.?i animals obt.ained from .a litfei's (tabic I). In 0 
animals of u litter obtained by Ijysterotomy at .3.5 days ff)llowing experimental 
pjolontiation of pretinancy it was found that the time of survival averajied 10 
iniinifes. In afldition, in < animals oljfainefi from I litters followinf5s'j)ontaneoiis 
jtiolonttaiion of ticstation, the time of .sur\‘i\’al .aver.age''! 17 jnintite.s ((able 2). 
fhcrc was eviflenec that, the tolerance to anoxia v.ais related to the stage of dovel- 
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opment of the fetus rather than to the emdronment, whether ‘within the utenis 
or outside of it. 

ObserAmtions were also made at Amrious stages of deA'elopment of animals bom 
noi-raallj" in contrast to those obtained by hA^sterotoray. As shown in table 2 the 
type of delhmi^', whether operath'e or spontaneous, had no definite influence upon 
the time of .survdA'al in nitrogen at the A'arious deA’elopmental stages studied. 

2. Gtiinea pig. Obsenmtions on guinea pigs revealed striking differences in 
the fincling.s Avith rabbits. The time of surAuval in nitrogen averaged minutes 
in 11 animals of 4 litters examined AAithin 12 hours following spontaneous birth. 
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In fetuses, obtained before labor by h3’-sterotomy near term, the survival time 
averaged 6 minutes in 9 animals of 3 litters (table 3). 

The period of transition to the adult type of response is also markedly short- 
ened. At 7 days following birth the time of survival in nitrogen reached the 
adult level, namely, 3 minutes. It may be noted, however, that the survival time 
of. the adult guinea pig was twice that of the adult rabbit, 

3. Dog. The resistance of newborn dogs to anoxia was found to be of the 
same magnitude as that oliserved in rabbits at birth, although the duration of 
intrauterine life of the dog is twice that of the rabbit (table 4). A gradual de- 
crease in survival time occurs until the adult type of response is reached during 
the fourth week following birth. Adult dogs survived in nitrogen for 3 minutes, 
or twice as long as adult rabbits. 


TABLE 3 


Survival iime of guinea pigs at various 
stages of development 
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TABLE 4 


Survival time of dogs of various ages 
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Discussion. The foregoing observations provide abundant evidence of a 
remarkable defense against asphj’^xia in the fetus. In all species examined it is 
evident that at birth there is a special capacity for maintenance of life in the 
mammalian organism under anaerobic conditions. This is especial! j"- striking in 
species such as the rabbit and dog, which are born in a primitive state of develop- 
ment. Evidence that resistance to exti'eme 0X3’’gen want decreases as structural 
organization becomes more highly differentiated was brought to light with clarity 
in rabbits in which observations were carried back to the earliest stages of viabil- 
ity. It was noted that the greatest tolerance to ox3’'gen deprivation in the present 
series was shown by embiyos at the stage Avhen survival outside the intrauterine 
environment first became possible. Additional evidence in support of the finding 
that ability to resist anoxia is related to the stage of development rather than 
external environmental factors was obtained in postmature fetuses which had 
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been rofjiino.d witliin the. utcnis iinli! iha oxtrcme Jimif of intnuifcrine existence 
h.'ul been .'ittninofi. Tiiroiigliout tlie fjcriod of expenmentidly-prolongod intni- 
nterine existence tlicrc was a steady loss of resistance to anoxia parallel to ilmt 
which occurred in the exteninl environment, of animals at identical stages of 
development. 

The present experiments demonstrate apparently for the first time the magni- 
indc of the changes in resistance to nnoxi.a which occur at various stages of 
intrauterine life from the onset of viability to extreme postmnturit.v. 

In the neonatal period, the dityorcnce.s in the time of survival in nitrogen of the 
three species under consideration may be clarified by taking into account the 
diitercnce.s in structural differentiation of the dog, rabbit and guinea pig at the 
time of birth. Although the gejjtation period of the dog is twice that of the rab- 
bit, and the same as that of the guinea pig, the guinea i)ig is the only one of the 
three s'pccies which is .sufficiently well developed at birth to earn' on an indepen- 
dent e.\'istcnce. 'The ncwf)orn guinea pig shows advanced muscular co-ordina- 
tion, running about the cage and devouring .solid food; the C3'clid.s arc open and 
the development of the integument is marked by a conspicuous coat of long hair. 
In contra.st, in the dog and rabbit at birth, muscular co-ordination is deficient, 
locomotion is limited, nutrition is dependent upon suckling, the c\’clids are closed, 
and integumentary development is characterized by scant growth of hair. It i.s 
evident that u clue to the .similarity in resistance to anoxia between the rabbit 
and dog (both species surviving one-half hour in nitrogen at birth in contrast to 
six minutes in the case of the guinea pig) is found in the close rcscmldancc of these 
two species in respect to the .stage of development at birth despite a marked 
difierence in the length of intrauterine life. 

The fact that fetuses posse.ss a defense against anoxia — which in dogs and rab- 
bits at birth amounts to ten times or more that of the adult — throws light upon 
the metabolic processes bv wliich the energy requirements for rapid growth 
during embrj'onic existence are met. A^^nle still Avithin the uterus it max' be 
readily demonstrated that the fetus responds immediateh* to decrease in the 
oxj'gen supplj' b\' marked alteration in activitx' (11); the breathing of 4 per cent 
oxygen is marked b}' apnea of the fetus Avhile the mother .shows marked In'- 
perpnea. The present experiments show clearl.v that there are available to the 
fetus resources for the maintenance of respiratorA' movements AA'hich in the adult 
are absent or inconspicuous. 

The increased tolerance of the fetus to anoxia is of special significance in rela- 
tion to the hazards of the latter part of intrauterine life including the period of 
expulsion from the utenis. Fluctuation in the degree of oxygenation of fetal 
blood as a re.sult of increased and prolonged uterine contractions has been ob- 
serA-ed experimentally in the clinic. In so far as the magnitude and duration of 
uterine contractions approach the extreme state of tetanic contraction, the 
resources of the fetus for resistance to anoxia during labor are of obA'ious im- 
portance. . . 

The hazards of parturition come to light in a species like the rabbit in Avhich 
the umbilical cord is short and the length of the birth canal is many times that 
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of the fetal body. Despite the defense against anoxia by rabbit fetuses, the fetal 
mortality was observed to average about 12 per cent (12). Evidence that death 
was related to asphyxia was supported by findings at autopsy which indicated 
that the fetuses Avere alive at the onset of labor. 

SUMMARY 

The duration of respiratory movements Avhen nitrogen Avas breathed instead of 
air was deteraiined by the aid of individual kymograph records of respiration in 
174 rabbits, 28 dogs, and 50 guinea pigs at various stages of development from 
the onset of viability to maturity. Analyses of arterial blood samples shoAved 
rapid development of extreme anoxemia throughout these experiments. 

When placed in nitrogen immediately folioAving birth at term, breathing con- 
tinued in rabbits for 31 minutes, in dogs for 31 minutes, and in guinea pigs for 
6 minutes. 

In rabbits delivered operatwely at the onset of viability (29 days), breathing 
persisted 44 minutes, and in rabbits retained within the uteins 3 daj’-'s past term 
(35 daj'^s), breathing continued 17 minutes, AA'hich corresponded to the time of 
surAUval of rabbits suckled 3 days folloAAung birth at term. Thus, tolerance to 
anoxia is related to the stage of development rather than to the environment. 

Furthermore, guinea pigs at birth Avere much less tolerant to anoxia than dogs. 
Although length of gestation is the same in both, the greater maturity of guinea 
pigs at birth is well knoym. 

In the suckling period, surviAml of rabbits at 1 Aveek was 10 minutes; at 2 
weeks, 4 minutes; and at 3 AA^eeks, 1| minutes Avhich is the same as that of the 
maternal animal. Changes in tolerance to anoxia b}’' the dog during the suckling 
period parallel closely those of the rabbit. 

The defense of the fetus against asphyxia is of significance in face of the in- 
creased hazard of respiratory failure during the terminal phase of intrauterine 
life and the earb”^ neonatal period, 
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1 ilc ni^ilify of rofri'iipnitini^ iixoiis to branch is common knov.-lodgo. However, 
not al! c)f (he Ijranciies thus j)roduce{I are destined to make functional con- 
nections or oven to survive, and sujK;rnbundant nerve sprouting does notimph' 
correspondingly abundant peripheral innervation. 

Dogliotti (1035) has based jmictical recommendations for improving the 
innervation of limbs with partial neurogenic paralysis upon the recognized 
ability- of neju'es to regenerate a larger number of branclies peripherally than 
they had originally ])o.':sos>:ed. More recently, Aird and Xafiziger (1939) have 
extended these experiments and critically discussed the earlier literature bearing 
on the ])roblem. While substanti.-iting the ])ossibility of amplifying the periph- 
eral fiber volume of a, nerve, their results yet indicate tliat the increased nervm 
fiber count does not necessarily signify a commensurate functional improvement. 

In none of the past nerve fiber counts has the ])roportion of actually rein- 
nervated muscle fibers been determined. In order to do this, we .started several 
years ago a systematic investigation of the problem in the rat. However, 
circumstances have forced several interruptions and, c\-entually, termination 
of the project in a somewhat fragmontarj- state.- Since facts bearing on nerve 
repair have gained increased practical significance, we present, the results of our 
e.xperimcnts as they stand, even though a number of ])oints remain to be settled. 

We first ])roduced an over-all reduction of the nerve fiber complement of the 
sciatic nerve trunk by partial radicotomy.® In a second operation, the sciatic 
nerve was cut and tlie two ends were reunited. The animals were examined 
after periods varying from seventy-four to one-hundred and eight-one daj's. 
The gastrocnemius muscles of the normal and operated sides were prepared, 
and tension after “maximal” stimulation of either the muscle or the sciatic 
nerve was recorded isometricallja A comparison of the results of direct and 
indirect stimulation was to furnish an estimate of the proportion of muscle fibers 
that had become reinnervated. Compari.son with the corresponding values 
of the unoperated control side revealed deficits of muscle power .and muscle 

^ Some phases of this work were done under a contract recommended by the Committee 
on Medical Research between the Office of Scientific Research and Development and the 
University of Chicago. The investigations were likewise aided by the Wallace C. and Clara 
A. Abbott Memorial Fund of the University of Chicago. 

2 The experiments had been started in 1941 with the assistance of Dr. Donald Ross. Rffien 
he left for service in the armed forces, the work was resumed in co-operation with the junior 
author, Dr. C. J. Campbell, who, too, had to abandon it for military duty. 

3 Hines, in a recent brief report (1942), refers to Ids use of a similar procedure. 
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innervation due to the operation. After the physiological tests, some of the 
nerves were fi.\'ed and sectioned and fiber counts were made, as specified below. 

Materiae and jiethods. All operations were done on albino rats of 
between 200 and 300 grams body weight. The preliminary operation aimed at 
destro 5 dng part of the sciatic roots, L4, L5 and L6. To facilitate identification 
of the roots in the operation, the segmental location of a needle inserted in the 
sacral region of the unoperated animal ivas determined by x-rays and served 
as a landmark. In most cases, ventral roots L4 and Lo were destroyed, mostly 
b}^ extradural resection. From two to seven days later, the sciatic nerve was 
cut in the proximal third of the thigh. The severed nerve ends were reunited 
bj’' sutureless arterial tubulation, as described bj’’ Weiss (1941a, 1943). 

Three types of operations were performed. 

Operation A. Radicotomy on the right side with no further nerve section. 
Left side intact. This operation was to reveal the nerve fiber loss due to radi- 
cotomy. 

Operation B. Ventral roots L4 and Lo destroyed on the right side. Sciatic 
neiwe sectioned and reunited. Left side intact for control. This was the 
prevailing type of operation. 

Operation C. R,ight side treated as in operation B, In addition, radicotomy 
on the left side. This operation was intended to show any superiority of termi- 
nal innervation after nerve section over the innervation from a reduced nerve 
not allowed to regenerate. 

The kymographic records were taken in light ether anesthesia. The sciatic 
nerve was exposed in its full length and cut at its emergence from the lumbar 
plexus. All branches except the tibial were cut. The gastrocnemius muscle 
was connected -wfith an isometric lever Avhose excursions Avere sufficiently linear 
Avithin the range of tensions tested. All stimulations Avere done Avith the muscle 
under an initial resting tension of betAAnen 40 and 80 grams. The nerve aa^s 
placed over platinum electrodes, supplied from the secondary coil of a Du 
Bois-Reymond inductorium Avith tAvo dry cells in the primary circuit. The 
preparation AA'as kept irrigated Avith Ringer’s solution and the electrical tests 
Avere not started until after the effects of the ether anesthesia in the peripheral 
nerve had subsided. vSingle break shocks, as aa'cII as tetanic stimulation, Avere 
applied. For direct stimulation, the electrodes Ainre placed on opposite ends 
and opposite sides of the muscle belly. All tension values referred to in this 
paper Avere obtained hy slightly supramaximal stimuli. 

FolloAving the phj^siological tests, the nerves AAnre fixed under stretch in 
Bonin’s solution, sectioned, and impregnated according to Bodian’s silA'^er 
method. Fiber counts Avere made on cross sections Avith the aid of a camera 
lucida.^ This method AAns found to be correct for sih^er stains AAuthin about 6 
per cent (LitAviller, 1938a), but in the case of young regenerated nei'A’^es con- 
taining large numbers of fine fibers, the error maj'^ well be assumed to be nearer 
to 10 per cent. 

^ Counts were made with the assistance of Dr. Raymond Litwiller. 
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Of oiu; jntiidrod and twenfy opcratod uidmals, only f-ixte-^n have- come fhrougli 
f-o tlic termin/d tesfy^. 

/• ibrr cottnis. Ihc j)nrpt*‘-e of tlie i';uljcf>t<^my v/an largely defeated by the 
prompt regoneration of the severed roofs, f?ectionx tfirouRh proximal levels 
of the sciath* nerve .‘'liovv immerons regenerating fibers, frequentl.v in .stnmds’, 
intersjK’rsetl with the odd fibers of Ihe nerve, Jn eight case? .subjected to openi- 
lions A or 11, listed in fable ], the total of nerve fibens counted in the proximal 
.sciatir* on the partially nulicotomized side, is 13,802, wiule the corrc.sponding 
total for the unoperafe<l .side i.s ‘13,107. One must bear in mind, hou'cver, 
that the tmnsected root fii)er.s had to regenerate fora di.stance of approximately 
30 mm, ])efore arriving at the loved of the distal nerve section. A.ssuraing con- 
.servatively a rate of advance of between 2 and 3 mm. per d.ay (Gutmann ct ah, 
1942), it would have required .some two to three weeks for the fibers to span this 
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distance. Thus those sciatic fibers belonging to the undamaged roots should 
have had ample time to occupt' all available peripheral pathways prior to the 
arrival of the second growth of root fibers. 

Table 1 lists sample nerve fiber counts. On the right side, which, except for 
case D4, is the one on which the sciatic ner\'e had been transected and allowed 
to regenerate, counts are reproduced at three levels: normal level far proximal 
to the nerve union; a level well inside the old peripheral stump, with the counts 
of all branches of the tibial and peroneal nerves combined in a single figure; 
and through the so-called “gap” region, which is’ the level of transition from 
the proximal to the distal stump. 

In none of the cases pertinent to the problem, i.e., series B and C, has there 
been an increase in the number of fibers di.stal to the nerv^e union over the number 
found in the proximal stump, such as described, for instance, by Greenman 
(1913). The last column of table 1 gives the ratio of number of nerv^e fibers 
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counted distallj’' to the nerve union over that counted pi’oximally in per cent 
values. The distal deficit ranges from 4 to 56 per cent. In half of the cases, 
the peripheral nerve has been filled up to more than 76 per cent. In case D5, 
the deficit is already present in the gap; in case D37, it appeam beyond the gap; 
in case Dl2, the gap yields a count intermediate between the proximal and pe- 
ripheral stumps ; and in case D38, there is even a slight increase in the gap region, 
preceding the peripheral decline. The peripheral fiber deficit is not due to 
insufficient time allowed to the regeneration. If percentage regeneration is 
plotted against time elapsed after transection, pro^uded the latter is more tlian 
two months, the points scatter at random (fig. 1). For example, case El shows 
a deficit of onty 4 per cent at seventj^-four da 5 ’-s, while case D18 shows a 38 per 
cent deficit as late as one-hundred and sixt 3 ’--six daj’-s after the operation. It is 



Fig. 1. Nerve fiber count in the regenerated distal portion of the nerve, expressed in 
per cent of the fiber countin the old proximal portion, at various periods after nerve section. 

Fig. 2. Relation between volume of nerve fiber regeneration and proportion of rein- 
nervated muscle fibers. Abscissae: Regeneration index (r, table 1). Ordinates: Innerva- 
tion index (zg, table 2). 

safe, therefore, to conclude that the observed distal deficit is permanent, partic- 
ularly in cases D12, D37 and D18, with more than four months’ regenera- 
tion time. 

Some clue as to the cause of the pei'ipheral fiber deficit has been found in the 
histological examinations. Details of the course of regeneration in nerves united 
by arterial sleeves have been presented elsewhere (W'eiss, 1943). It was de- 
scribed there that this method precludes the profuse bmnehing commonly found 
in the scar region at the suture line. Under ideal conditions, therefore, the 
number of fibers in the gap may be expected to equal the number of fibers in the 
proximal stump, and to continue without essential change into the peripheral 
stump. Fibers deflected or arrested in their advance constitute a permanent 
loss to the peripheral ner\'e, and statisticallj*, there has been more loss than 
was compensated by sporadic ramifications. Actually, in all three cases with 
a major peripheral neiwe deficit, i.e., D5, D12 and D18, the fiber loss could 
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he < rneed (o futiKine.^s of (lie arferinl link. Ah deKeribef! previously (Weis.?, JOlSi, 
any lejik in flic arfcrial vvall may rause .npprcei.ahle filxn- c.seape. In case.s D.5 
and D12, a f-heain of nerve /ihom lias eseaperl fltroiifrh a leak in flie arterial 
.sleeve. In ca.se. lUS, the periphenil defieit e.nn he traced to excessive v.id(h 


()f the arterial .sleeve around the periphenil .stump, tvhieh lias pemiitfed part 
of the nerve, fillers to eseafie tliroup;!! the often .sfi.ace. The important fact about 
these ease.s is the eon.sisient lack of .spontaneous eompensatory arnplifieafion 
of the regenerating fiber volume by periiihend bnmehing. 

All our observation.^ on the return of motility conform vith the description 
given in an earlier paper (Wei.ss, 1013). Briefly, as motility retnni.=, it involve.^ 
c.ssentinlly eo-contruction of the dorsi-fle.xors and filantar flexors of the foot, 
with the latter jirevailing owing to their greater bulk. The result was mo.stly 
rigid extension of the foot with flexion of the toe.s. There, were indication.s of 


rrmdual nnkylo.si.s of tlie ankle, attributable to the lack of nntugonistic joint 


movements. 


The failure of co-ordinated rnovcment.s to retuni after regeneration of a dirided 
.sciatic nerve seem.s to be due to the random regeneration of the nerve fibers, 
in conjunction with the inability of the rat ccntml nen'ou.s system to make any 
re-educativc adjustments of the functional di.?ordcr emated by the anatomical 
disarrangement of the eentnd-iicripheral connections (Spcrr%', 1911, 19-13). 
Some of our animals ox'hibitcd, however, a trace of reciprocal ankle movement.s 
superimposed upon a more conspicuous background of rigid exten.sion. 

In .spite of their irrelevance for locomotion, the reinnervated muscle.?, after 
considerable initial atroplo’, have regained appreciable power. For the degener- 
ative phase and general recuponition of muscle power after nerve section in the 
rat, see Hines, Thomson and I^azcrc (1912). 

Physiological tests. Stimulation thre.sholds were, on the whole, higher for 
the regenerated than for the control nerves, which may be ascribed to the 
heavier connective tissue .sheath around the former. A comparison between 
the isometric tensions obtained from gastrocnemius muscles after “direct” and 
after “indirect” sciatic nerve stimulation, as well as between those and the ones 
obtained from the opposite (control) side, is presented in percentage A’alucs 
in table 2. 

The ratio of maximal tensions recorded after indirect and direct stimulation 
expresses the degree of functional i-einnervation of the muscle. A maximal 
stimulus to the muscle directly sets all contractile elements in operation. A 
maximal stimulus to the nerve activates all innen^ated muscle fibers. Ac- 
cordingly, anv exces .5 of tension obtained on direct stimulation over that ob- 
tainable by indirect stimulation can be ascribed to muscle fibers which have 
failed to receive innervation. This would be strictly valid only if the average 
sizes of innervated and iminneiwated muscle units are statistically the same If 
the innervated units should prove to be, on the average, larger and, therefore, 
stronger, an empirical correction factor would have to be introduced. 

With this qualification in mind, the ratio of “indirect” over “direct” tension 
may be used as index of the proportion of inneiwated to total number of muscle 



KERVE REGENERATION IN THE RAT 


621 


fibers. This ratio, expressed in per cent values, vdll be referred to as the in- 
nervation index (i). The third column of table 2 reveals that the innen^ation 
index of normal control muscles (ic) is mos% well under 100 per cent. This 
means that even in a normal muscle a varying fraction of fibers cannot be 
stimulated through the nerve. The average innervation deficit for the normal 
control muscles in the thirteen cases of series A and B is 7.5 per cent. This 
compares well with a deficit of 8.3 per cent computed from values given for 
seven control gastrocnemius muscles bj’- Hines, Thomson and Lazere (1942, 
table 1). The most plausible explanation of this deficit would lie in injurj^ 
suffered bj- some nerve fibers during the manipulation; another few fibers may 
be in the process of degeneration, constantly proceeding in nerves (less than 1 
per cent according to Duncan, 1930). Some others may have imdergone 


TABLE 2 


SPECIMEN* 

OPEEATIOX 

IKKERVATH 

Left (control) 
side 

3N IKDEX (l) 

Right (experi- 
mental) side 

MUSCLE POWER 
OK OPERATED 
SIDE IN PER 
CENT OP CONTROL 
SIDE 

innervation 

QUOTA ON 
OPERATED SIDE 

IN PER CENT OP 
CONTROL SIDE 

tc 

«o 

Pt 

n 

D4 

A 

84.5 

78.5 

79.0 

73.5 

D6 

A 

84.2 

50.0 

46.5 

27.5 

D8 

A 

100.0 

73.5 

143.5 

105.7 

D2 

B 

92.0 

31.1 

31.2 

10.5 

Do 

B 

89.5 

60.0 

41.5 

27.6 

D7 

B 

92.5 

60.3 

89.2 

58.2 

DIO 

B 

95.0 

54.7 

53.2 

30.6 

D12 

B 

93.1 

40.9 

21.8 

9.5 

D15 

B 

100.0 

77.7 

85.0 

66.0 

D18 

B 

92.0 

80.5 

108.0 

94.5 

D25 

B 

92.5 

i 78.0 

68.8 

58.2 

D37 

B 

92.5 

67.8 

93.5 

68.5 

D38 

B 

95.2 

87.0 

120.5 

110.0 

El 

C 

90.6 

91.5 

92.1 

93.1 

E2 

C 

45.0 



100.0 


degeneration as a result of the lesion of the sjunmetrical nerve of the opposite 
side. Contralateral effects of tins kind have been described (Greenman, 1913; 
Tamaki, 1933), but seem to subside with increasing age after the operation 
(Tamaki, 1936). 

In contrast to a deficit on the control side of 7.5 per cent, the deficit on the 
experimental side is much greater, the average of thirteen cases being 36 per 
cent. This means that, on an average, fewer than two-thirds of the fibers of 
the gastrocnemius have received reinnezwation. 

Besides being less completely innervated, the experimental gastrocnemius 
is also weaker than its control. The power ratio between the experimental 
gastrocnemius and its opposite control is given in the fifth column (m) of table 2. 
The figures represent maximum tension of the experimental muscle expressed 
in percentage of the maximum tension obtainable from the normal opposite 
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muKclt’H. While in tlircc cnf-es fDS, ])]S, D38) (he toinnorvnted muscle has 
obviously overshot its normal partner, nil other cases show reduced power in 
tlie reinnervated muscle. How the loss is to he apportioned l«?tween atropli}* 
and de^reneration, cannot be determined from the.-e figures. 

A comparison b(!tween the trend of tlie innervation index and the muscular 
l)ower index points toward a contimied increa‘-e in muscle power beyond the. 
attainment of the final innervatioit ratio. ^Vhile in none of four ease.s examined 
les.s than one-hutulred forty tlay.s after the t»peration. the muscle index exceeds 
the innervation index, it .surpas.ses it appreciably in all Ini! one of .six cases 
extimined later than one-hundrofl forty rljiy.--. This would indicate that the 
non-iimervate<l fibers of a partially reinnenated nmsele continue to gain, 
])os,sibly Irenefit ting from the passive e.xercise to which they are subjected by their 
innervated partners. 

The genend result of tho.se tc.sts is that in most ca.se.s a certain fraction of 
the denervated muscle fibens have remained without leinncrvation. 

Xeiwe filxjr count. s through rcgenenited nerves could furnish an accurate 
measure of the degree of peripheral reinnervation only if the average size of the 
motor units .sliould ])rovo to bo the same 1)efore and after regeneration, since 
the eftectivcnc,ss of muscle reinnervation H determined both b\' the number 
of regenerated motor neurons .and the extent of tlieir intra-muscular branching. 
Little attention lias been given to this point in the past. In this connection 
the following data de.serve mention. 

In figure 2, the innerv.ation indicc.s (fo) of the experimental muscles (table 2) 
have been plotted against the fiber regeneration indices (r), as listed in table 1. 
The graph thus correlates the jiroportion of reinnervated muscle fibers of a 
given muscle with the proportion of regenerated nerve fibers counted in the 
peripheral nerve stump. There is, on the whole, correspondence among the 
two values, as is expre.ssed in their scattering about a straiglit line inclined 
under a 45° angle. Four cases, Dio, D37, D38 and El, conform very closeh', 
indicjiting that the size of the motor units was nearly the .same before and after 
regeneration. In contrast, cases Do and D18 show an unexpectedly high, and 
cases DIO and D12 an unexpectedly low, innervation index for the number 
of fibers actually counted in the nerve tmnk. In tliis connection, misregenera- 
tion of sensoiy fibers into muscle.s must be taken into account. Functional 
tests of such fibers liave .shown them to be much inferior to motor fibers in 
establishing tran.smissive connections (Weiss, 1934, 1935). Consequent^, 
even if the fiber mass of the nerve is distributed proportionally over the periph- 
ery, the number of functionally effective efferent fibers in any one muscle 
might be smaller than ex*trapolation from the total fiber count would indicate. 

The lesson of these results is that the number of nerve fibers’ counted in the 
peripheral ner\'e provides no reliable index of the degree of reinnervation at- 
tained in the muscle, although statistically the two factora are correlated. This 
conclusion agrees with the view expressed by Aird and Xaffziger (1939). Con- 
sideration of the manner in which terminal reinnervation occurs can readily 
account for the obseiA'ed variabilitja If a neia'e fiber arrives in the muscle 
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inside of an old dcgencraled Sciwanii tube, it is likely to reoccupy all the termi- 
nal ramifications of this tube. Tims the original pattern of innervation vill 
be retiaced and that motor unit will be restored to its original size. If some of 
the old branches have become obliterated or obstructed, these ^Yould be missed 
by t he repneraling fiber tips, and a corresponding reduction of the size of the 
motor units would ensue, as, for instance, in cases DIO and D12. E.xcessive 
terminal ramification.s, on the other hand, maj' be expected in nerve fibers which 
ha^•e taken cxtratubal courses and arrived in the muscle without the benefit 
of an old branching pattern as guide. Such fibersmay stray about and innervate 
any number of not yet innervated muscle fibers. Earlier studies in amphibians 
haa^e shown that when ncives are made to enter a muscle by paths other than 
the original portals of the motor points, their branches tend to pervade the 
muscle profuselj’' (Fort, 1940). If this should hold for mammals, too, a fairly 
complete reinneiwation of all muscle fibers, ea’en from a small number of rein- 
nervating extratubal nerve fibers, might be expected. The fact that this has 
not occurred in the majority of our cases seems to prove that most of the re- 
generating fibers have come by intratubal courses. Being thus trapped in the 
old inneiwation beds, they had no opportunity for a compensatory expansion 
within the muscle. 

Discussion. The facts reported in this paper underscore the complexity 
of the quantitati^'e aspects of nerve regeneration. Factors bearing on the 
volume of peripheral innervation are, in proximo-distal, as well as chronological, 
progi’ession: 1, number of fibers in the proximal nerve stump; 2, mcidence of 
branching among the regenerating sprouts; 3, number of fiber branches entering 
or by-passing the peripheral nerve stump; 4, proportion of fibers surviving subse- 
quent resorption; 5, number of fibers establishing effective transmissive periph- 
eral connections; 6, number of intramuscular terminal ramifications (size of 
the “motor unit”) ; 7, degree of muscular atrophy and degeneration during the 
denervated period, and of muscular recovery after reinnervation. 

1. Proximal fiber source. The number of neurons assigned to any one given 
peripheral area is fairly constant among members of the same species. Em- 
bryonic factors affecting this nerve quota have been extensively studied (review: 
Detwiler, 1936). Once established, it fails to respond to demands for additional 
peripheral innervation. Adult spinal centers do not send out new nerve fibeis 
into districts experimentally overloaded with tissues requiring innervation. 
Consequently, saturation with nerve fibers of an enlarged periphery could be 
effected only by increased peripheral branching of the existing neurons (IFeiss, 
1937). Conversely, a tissue mass of subnoimal size, when confronted with a 
normal nerve source, fails to absorb the total available nerve supply, and accepts 
nerve fibers only in porportion to its actual mass (F^eiss and Walker, 1934; 
Litwiller, 1938b). Saturation density reached, the supernumerary nerve fibers 
remain unconnected. The final fate of such fibers is not known. 

These facts have led to the realization that the volume of peripheral innerva- 
tion is not primarily determined by the size of the nerve fiber source (Weiss, 
1941b). The peripheral tissues themselves exert a decisive control over the 



02j 


I'AtJL WnfSS AXD C, J. CA^fi'BKLt 


dfui^if.y of their imtervnfion by repjnlnt.inf!; iho admission rjnntri, though not the 
production tjuofa. bnless branching is cnchanccd by special moans, an under- 
sized nerve source is bound tfj remain undorsizcf] e\'on in the face of greater 
peripheral demand. 

i?. Dcffrcc of hranrJuufi, I5rii.'! diseussiem." (if t he meehanisn! of nerve bmnehing 
have been presented on earlier occa'-ions (Weiss, JO.'Mb, UMlb). "J'iie facts do 
not. support the notion that regeneniting nerve filKu's branch from intrinsic 
causus as do frees. IServe fibens bninch only in response to inhomogeneities 
in their environment. The irdensify of branching is, tliereforo, a function 
of the incidence of ijoth gros.s inechani(ral obstacles and .submicros(;opical dis- 
orientations of the contact .subst nita along which the nerv'c fiber proceeds. The 
grou'th energ}' of the regenerat ing fiber must also be considered in that branches 
which would h.ave remained abortive in weakly growing fillers might assert 
themselves in a mom vigorously growng fiber. In conclusion, the number of 
branches formed is determined b;v the local factors of the course, rather than 
the distal factors of the destination, of the nerve fiber. 

Tn this fact lies the explanation of the failure of underaized nerve .sources 
in our experiments to provide full peripheral reinnervation. A loss of fibers 
through lealas in the .splicing .sleeve was never compensated by increased branch- 
ing prior to, or after, entry into the poriiiheral .stump. Tiie rca.son for this lies 
in the mechanics of the tubular .splice, which precludes the formation of a 
disoriented scar (Weiss, 1943), We might have obtained a better filling of the 
peripheral .stumj) if the condition at the .suture line find been les-s orderly. The 
same argument applio.s to the ob.scrvation of Hines (1942) that regeneration 
following the crushing of the tibial nerve docs not make up for a reduction of 
the fiber comjdemont of this nerve produced by partial radicotom3^ Unlike 
neia’c .section, mere crushing often fails to rupture the neurilcmmal tubes, 
hence fails to provoke the exten.sivc branching chanactoristic of a messj' scar. 
Consequently, neither our own nor Hines’ negative results are nece.s.saril\' at 
variance with the claim of the earlier authors that an efifective peripheral ampli- 
fication of neiwe volume by branching in the scar is feasible. For practical 
purposes, it should be remembered, however, that an\' merit the .scar ma}’’ 
liave in causing branching. Is nullified In- the increased resistance it oflfers to the 
further advance of the multitudinous branches. 

3. Neurotization of peripheral nerve stump. A’iTiat proportion of the neiwe 
fibers pre.sent in the gap will actualb^ enter the distal nerve stump, seems to be 
entirely a matter of chance. The liypothesis of a chemotropic direction of ner\'e 
fiber.s towards the distal stump (Cajal, 1893; Forssman, 1900), occasionally 
disputed in the past (Dustin, 1910), has been found untenable in view of experi- 
mental evidence (Weiss, 1934b, 1941b). Neiwe orientation is determined wholly 
by the pathway structure of the scar. Moreover, strands of sheath cells, growing 
proxiraad into the scar, may serve as traps for ner\'e fiber sprouts (Young, 1942). 
Similar traps are constituted by the degenerated Schwann tubes of the peripheral 
stump. However, .since, as a rule, more than one regenerating nerve fiber may 
enter into a tube (Boeke, 1921), the number of tubes actually invaded is no 
measure of the density of reinnen^ation of the peripheral stump, mile some of 
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the old tubes become o^'crpopll]ated, otliers remain abandoned. Nevertheless, 
the total number of fibers in the distal nerve stump approxunates its normal 
capacit 5 '", regardless ot the size of the proximal supply (Weiss and Cummings, 
1943). 

4 . Maturatmi of peripheral shanp. Of the fiber branches entering the periph- 
eral nerve stump, not all are destined to survive and mature. But neither the 
criteria nor the mechanism of secondarj’- fiber branch elimination are known 
(cf. Young, 1942). Spatial crowding within undistensible tubes, metabolic 
competition among tlie sei’cral branches supplied from a common nerve cell, 
and presumably'' effects extending into the nerve fiber from its terminal organ 
are factors vdiich wfill have to be considered m this connection. Them operation 
may remove mucli of the initial overproduction caused by the branching in 
the scar (cf. Boeke, 1921). 

o. Neuro-muscular connections. The termmal branching pattern of the 
regenerated motor neuron depends on the channels through which the nerve 
fibers arrive, as well as on the condition of the muscle fibers. Nerve fibers 
regenerating inside of an old Schwann tube find a preformed pattern of arboriza- 
tion. Extratubal fibers vfill follow irregular courses. As stated above, there 
are indications that this latter category is not prevalent. 

Innervation of a single muscle fiber by several nerve fibers may occur on 
occasions, but is functionally irrelevant. Its regular occurrence is prevented 
by a protective reaction which renders the innervated muscle fiber immune to 
impregnation by further nerve branches (cf. Fort, 1940). Attempts at so-called 
“hypemeurotization” by forcing more than one nerve ending upon a muscle 
fiber (Erlacher, 1914) are based on questionable physiological premises and 
have no practical significance. 

This brief survey, incomplete as it is, may yet give an idea of the intricacies 
of the problem of quantitative recovery in nerve regeneration. It makes it 
obvious that the mere fact of an increased fiber count below the sutuie line 
of a peripheral nerve is no sufficient guarantee of functional enhancement. This 
is not to say that under certain conditions practical benefits may not come 
from inducing peripheral nerve fibers to divide by making them regenerate. Our 
data merely caution against accepting such peripheral amplication as either 
the sole, or even a pertinent, gauge of terminal improvement. 

SUMJIARY 

In an attempt to determine whether the volume of fiber regeneration after 
nerve transection is indicative of the degree of recovery of power in the reiu- 
nervated muscles, nerve fiber counts of regenerated sciatic nerves were compared 
with measurements of isometric tension produced by the gastrocnemius muscle 
after “direct” and “indirect” stimulation with “maximal” shoclvs. The following 
conclusions have been reached. 

There is no constant relation between the number of fibers growing from the 
proximal stump of the nerve and the number found in the peripheral stump 
(table 1). Spontaneous regulatory axon branching to compensate for fiber 
deficits does not occur. Profuse brandling may, however, be evoked by scar 
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ti.s^ue lit i fit' Kuturc lint*. ^ cl., t*von tlooK not of itsolf insure thp.f llie volume 
of nerve fiheiv; jr-arhinfi: flu* nnisele.s- u-ill Oe eorrespondirifrly ftrriplificd. 

I'roni <) to 00 per eent of the inusele fihers of the reinnervafed muscles liavo 
failed to receive funeiioniil reinnervation (faiile 2). These deficits tain be 
correlated with fil)(‘r detieiis in the jairijiheral nerve trunk only verj' f^rossly 
(Ok. 2). In the individual ease, the discrepancy may be yreat. For instance, 
a quota of only 02 per cent, regoneniled fibers in the nerve may reinnervate as 
main' as SO jier cent of tbe muscle fillers (DIS), while, etinversely, nerve re- 
generation of as much as 70 ]ier cent may provide only 55 per cent reinnerva- 


thm (1)10). 

Factors affoefing the den.sity and functional efTectivene.^? of regenenitive 
muscle reinnervation are ], number of filxr.s in the proximal nerve .stump; 2, 
axon brnnebing in tbe .scar; 3, fiber admission into the poripberal .stump; 4, 
secondary re.sorption of fiber branches; 5, proport ion of fibers effecting myoneural 
junct ions; 0, c.xtenf of intramu.scular axon branching; 7, condition of the muscle 
fibers. This variety explains why regenerative succc.'^s is not solely predicated 
on the intensity of fiber proliferation at. tlic .suture line. 
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Evidence that hypertension following renal arteriolar constriction could be 
pre^'ented by the presence of sufficient normal kidnej’^ tissue (1-3) led to the 
extraction of normal kidneys for a material which would lower the elevated blood 
pressure level of experimental h 3 ''pertensive animals or of patients vdth hj'-per- 
tension (4-10). Encouraging results were obtained bj" several groups of investi- 
gators with a relativel 3 ’' crude protein extract from hog lcidne 3 ^ The attrac- 
tive theor 3 ’’ was developed that such an extract contained an enzyme which 
destro 3 'ed the humoral pressor agent of the ischemic kidney, presumably angio- 
tonin (11, 12) or In’-pertensin (13). It has not been clearW demonstrated, ho%v- 
ever, that the pressure lowering response to extract injections was due to a specific 
inactivation of a pressor material, and not to a more general reaction to a foreign 
protein (10). Further, it now seems clear that the active materials contained 
in extracts prepared in different laboratoiies are not chemically identical. 

We have attempted a purification of the active protein component contained 
in hog renal extracts, directed toward a clinical testing of the material. Before 
attempting a chemical fractionation, it seemed imperative that a reproducible 
and standardized method of bioassay be constructed. Toward this end we have 
made a study of the pressure lowering response evoked in the h 3 'pertensive rat. 

H 3 'pertension in the test rats was induced b 3 ’- the simple operative procedure 
of wrapping both kidneys with cellophane at a single operation (14). The inci- 
dence of hypertension has not been satisfactoiy, but, for some unknovm reason, 
high blood pressure levels liave been obtained even less consistent^' Avhen various 
samples of either silk or ra 3 mn were substituted for cellophane. Of some 1600 
rats subjected to cellophane kidney wrapping, 37 per cent died before the 30th 
da 3 '^ after operation, when routine pressure recordings w’ere started. A full 33 
per cent more showed no tendency to develop definitely Itypertensive pressure 
levels within 60 to 90 da 3 ’'s, and were discarded. Even vdth the 480 rats which 
showed definite h 3 ’^pertension, onty 320 Avere entirely satisfactor 3 ^ for assay work. 

Before any assurance could be placed upon a pressure fall which followed 
treatment in the h 3 ’'pertensive rat, it was necessary to form some estimate both 
of the extent of daily fluctuation of the pressure level which might be expected in 
a non-injected control, and, more particularly, of the greatest pressure decline 
which might reasonably be expected to occur spontaneously. Daily pressure 
recordings, by the technique of Williams, Harrison and Grollman (15), were 
therefore made on about 100 Itypertensive rats for a period of 20 to 30 days. As 
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Tuight he Dnli(:i|i;ite(I, fhe higher (he blood prop^iirc ieve!, the greater v.'as the 
fiuctHntioD. Only (he dechne 1k*1o\v the average preKN'urc- level v,-a.s an3lv7.ed ns 
perlitieiit to f)ie prohleuu Statistical frcataient showed lliat the greatest pres- 
sure reduction reached at any time <hjriiig the test period, .Y, was related to the 
average pressure level for the j>eriod, aeeorfling io the fornnila Y- = 532A' -t 
S,r>00. The e<»rres])onding etirr’e is shown in figure 1. If the pressure reduction 
following exirnei treatment, to he eonsidered signilicant, it is but reasonable 
to demand that it i)e greater than this average spontancon? fall. 

In jjrcliminary exi)eriments to determine the liest route and the time duration 
over which the kidney extract was to he administered, it was found that the 



Fig. 1. Correlation between the blood prc-ssure decline produced in byporlensivc rats by 
the injection of hog kidney cxtr.act .and the pre-injection pre.s.surc level of the test rat. 

2R.U., a 2 rat unit response, Y’ = -IStY — 167. Vertical lines represent probable errors. 
Sixteen rats in eacli group. 

3 R.U., the upper critical level of reproducible responses, 1'=^ = -JS-LV' — 13,145. 

1.2 R.U., the lower critical limit of reproducible re.sponscs, }'= = 4S4A' -r 9,863. 

■S' D, (dotted line) the average lower limit of spontaneous pressure decline shown by 
uninjected control hj-pertensive rats, F- = 532.Y ~ S,600. 

most consistent pressure reduct ion responses were obtained after 4 da 3 's of twice 
dailj" injections. A volume of 0.25 cc. was given at each injection, so that each 
rat ]-eceived a total of 2 cc. If tlie potency' of a given extract proved low, it was 
concentrated for a second a.ssay, for any attempt to retest at a greater injection 
volume never gave satisfactory results. Intramuscular injections produced a 
response 1.3X greater than did subcutaneous, and 3X greater than did intra- 
peritoneal injections. 

T.ypical blood pressure changes which follow the injection of an active kidney 
extract are shomi in figure 2. Pressure recordings were made at the same time 
each morning, before the extract injection. The blood pressure usually started 
to decline from the pre-injection level on the 2nd or 3i'd day of the test, reached 
its lowest level on the 4th or 5th day', rose sharply to the pre-injection level or 
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slightly below, and then showed a secondary decline ivhich persisted for a vari- 
able period. Almost coincident with'the time interval over which the rat showed 
a pressure level below that of the pre-experimental period, the animal proved 
wholl}'- or partiall 3 ' refractoiy to a second injection series (fig. 2). This refrac- 
tory period is not necessarily related to the pressure level, however, for an 
extract too weak to elicit an appreciable pressure reduction maj’’ render the rat 
insensitive to a second injection series (after 7-10 days) with a highly potent 
extract. The slow recovery of the pressure to sustained high (pre-injection) 
pressure levels after cessation of injections, and the development of the refractory 
state, have been observed with both crude and more purified extracts. 

The assa}' itself was based on the first part of the response only, i.e., the initial 
pressure reduction and the rapid return to pre-injection levels. To allow ample 
time for recoveiy of sensitivity of the test animal, a period of 21 days was allowed 
between successive assaj" tests. After an animal had been used for 4 to 7 tests. 


typical assay renal extract, Q5ctyy4DAYS 



Fig. 2. A typical blood pressure response of a hypertensive rat to 4 twice daily injections 
of renal extract, and a typical assay based on the best 4 of 6 responses to a given extract. 
Fat 5 was discarded as showing refractoriness to the extract. 

it usually became partiallj’' or completely refractory even after the 21 day period, 
and was discarded. 

Harrison and associates (16) have pointed out that the actual pressure reduc- 
tion obtainable with renal extract administration depends upon the initial pres- 
sure level of the hj'^pertensive animal. Since a given group of rats was composed 
of individuals with different degrees of hj’^pertension, we attempted a quantitative 
measure of the correlation between absolute pressure reduction and the pre- 
injection level. The pressure reductions obtained with a series of comparable 
extracts given, at the same dosage level, to 160 rats, were therefore grouped 
according to the pre-injection pressure levels, obtained by averaging the daily 
recordings taken on the 3 successive daj'^s before the start of the test. To obtain 
the actual pressure reduction in millimeters Hg, the two lowest pressure levels 
reached during the first 6 days of the test period, or, in the case of a somewhat 
aberrant response, the pressure levels on the 4th and 5th da 3 ’’s, were averaged. 
The relation of the average pressure reduction for each group of rats, X, to the 
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avenicco fnYM'njfcfioti ievol, 3', wa;-; fomul <<> follow the cniwe = 4SjA' — 107 
(hte 1 ). lleijfe tlu* higher the hypertenKive pr{-A>iire levp], llie greater the deehric 
follf)\ving extraef treatment. )C.vlrapo]ation of the derived curve would indicate 
that a meartirahle te.-ponre rhouhi he ohtainal)!*.; with ratn f^howing prersnre.s in 
the ‘‘normotenHive * rang'*. 1 Ins seerned unreastmahlo in view of the fact, recog- 
nized hy others ns well, that consistent ])res-m‘e changes would not follow extract 
injections in normal control animals. When rats whicli had been .subjected to 
thf' kidney wr.'i})pitig, but which laid not develojied deniiile hy{)ertension, were 
similarly treated, however, about half of them tiifl sliow ji signifie.ant pressure 
reduction (fig. 1), .Vn accurate a‘^-:iy cotild actually be made on such normo- 
ttmsive animals, although, since the results weiT more riinicult to judge ac- 
curately, rio more t Ivan 2 were eviu* included in a given 5 rat .series. 


Some cine as to whether a given normofensive rat wa.=<- in re.ality an “incipient 
hypertensive”, and would respond to extract troaimenf, could often be gained 
from a .study of tlie (laily fluctuation of previous blood })re.^.-=nre recordings. 
Cui-iou.sly enough, once tlie j)!-e.'sure had been lowered below nonaal by extract 


treatment, it returned, in many ca.«es, not to the pre-injeetion lev’cl but well 
beyond into ln'i)ertensive ningos. 'rhe.se incipient hyperfon.sive rat.s .sho'ved 
fibrocollagenou.s htill formation around at least 1 kidney. 

Roughly 20 per cent of all animals chosen f<ir n.ssay can be expected to .show 
atypical resf)on.se-s: they may he completely resistant, to the extract, or they inaj' 
.show i)cculiar pre.^sure ro.sjjonscs, .such a.s a precipitous decline on the 1st day 
of the injection .series; others failed to .^how a complete ro.storation of pressure 
level. It wa.s found convenient, tlicrefore, to use 5 rats as a test unit, with the 
bast 4 rcspon.ses, none of which wa.‘; atypical, averaged to determine the raspon.se 
to the extract tested. 

To establi.sli a basic unit of measurement, the average pre-injection pressure 
level for the IGO rats used in the above study (1.5S mm. Hg) was taken as the 
standard, and the average pre.ssurc reduction (52 mm. Hg) a.s.signed the value of 
2 rat units. Since 2 cc, of extract wa.s given each rat, tlie re.spon.se also repre- 
sented 1 R.U. per cc. extract, A 2 R.U. response for an animal with pre-injection 
pressure level other than 158 mm. Hg was determined by reference to the cun'e 
.shown in figure 1. The average pre.ssure of unoperated control animals was 
found to be 100 =h 2 mm. Hg. A hypertensive pressure level of 158 mm. Hg 
therefore represented a pre.ssure elevation of 58 mm. Hg over the normal. 

J3efore this rat unit could be used as a quantitati\’e measure of the activity 


contained in a given extract, it was nece.ssaiy to establish a linearity betiveen 
dosage given and response obtained. An extract which contained 1 R.U. per 
cc. was diluted or concentrated to make a series of fractions of known strength. 
As .shown in table 1, good correlation between the dosage and response were 
found between the limits of 1.2 and 3.0 R.U. In other words, between these 
limits, 0.1 R.U. was equal to a pressure reduction of 2.6 mm. Hg in an animal 
with pre-injection pressure level of 158 mm. Hg. Statistical analyses of a num- 
ber of assays indicates that a difference of 0.2 R.U. between 2 extracts is required 
for probable significance, and one of 0.3 R.U. for clear significance. 
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For purpose of defimtion, then, 1 rat unit is the amount of material which, when 
(liven intramuscularly twice daily for a, period of 4- days, will lower the hlood pressure 
of 4 of S hypertensive rats from a 3 day average pre-injection level of 168 mm. Hg 
by an average of 26 mm. Hg, such reduction to he reached within 6 days of the begin- 
ning of the injections, be maintained for at least 2 days, and be followed by a full 
pressure return to the pre-injection level. For standard assaj^ work, all extracts 
were prepared so tliat 1 cc. n-as equivalent to 200 grams frozen tissue. 

Chemical purification of the active material contained in kidney extracts. An 
extraction of the pressure reducing material contained in kidney extracts is made 
peculiarly difficult because the extremely low yield necessitates the use of large 
quantities of tissue, and the handling of bulky precipitates and slow filtrations. 
Although some 4 tons of hog kidnej's were processed for this stud}’’, man}^ points 
liave not been in^’-estigated as thoroughly as might be desired. 

TABLE 1 


Blood pressure response to ike injection of kidney extracts of known potency 


TRACTION' 

NmiBER OF 

R,KTS TESTED ' 

EXPECTED 
ACTlVlxy, R.u. 

DETERMINED 

activity, R.U. 

DIFFERENCE, EX'. 

Standard 

5 i 

! 

2.0 


A 

5 i 

0.8 1 

0.2 (?) , 

0.6 

B 

4 

1.2 

0.9 

0.3 

C 

3 

1.4 

1.3 

0.1 

D 

5 

1.6 

1.5 

0.1 

E 

5 

2.4 

2.6 

0.2 

F 

4 

2.8 

1 2.7 

0.1 

G 

4 

3.0 

2.8 

0.2 

H 

5 

3.2 

2.9 

0.3 

I 

3 

1 

3.6 

2.9 

0.7 


The firet extraction procedures (steps 1-3, table 2) were patterned after those 
successfully used by Jensen and associates (7). The extract obtained, while 
active, was dark, highly auscous, and often produced local reactions at the injec- 
tion sites. The next purification step was based on the fact that the active 
material is precipitated between 25 and 50 per cent acetone concentration. It 
was later found, however, that as much as 20 per cent of the original activity 
could be lost by inclusion ■\^ith the bulky inactive precipitate formed at 25 per 
cent acetone concentration, and the step was omitted from the procedure. The 
use of acetone has been retained in the preparation of large amounts of extract 
for clinical use, simply as a convenient means of concentration. After comple- 
tion of the dialj’^sis (step 8), the albumin fraction which v'as precipitated between 
25 and 80 per cent acetone concentration was dissoh’^ed in a small volume of 
water, thus circumventing the necessity of a prolonged concentration by in vacuo 
distillation. 

The fractionation at pH 2 (step 5) has proved to be a simple method for 
rapidly reducing the solid content ■\Hthout an appreciable loss in activity. The 
addition of acid changes the solubility of manj' of the inactive proteins so that 












G32 


J. Itl-.MIKGTDX, (5. F. CAltTLAND, V, A. DHIU. AS!) V,-. V.', SWFv'GLK 

IIk'V no loMKor fli^^^.^olve in the i^amc volumr* of water. Since activity is gradually 
destroyed at the. low pTI level, the time interval prescribed inu.st be adhered to, 
and the ]at(?r liltration.^ done rapidly, which makes the .step urisuifcd to the 
prci)ara1ion of large amounts of extract. 

l^iarlier crude extracts often lu-oved toxic to the tost animal^. The reactions 
.'-'cein to have been due to in.activ(? globuliuH, which eau be elirnin.-ited by cither 


TABLE 2 

J'^xlfncUoji cnid ptinjiculinn nj thf Duitcrinl contoiixftl in }:{flTicii czlroclF, copahlc of loiccritio 

the blood pre.^Rure of bpprrlfnaiic rats 


t-irr 

1 soi.ir. 
j ers-m-s-T 

j CUAUA 

J 

i ACTJVITV 
1 K.i;. 

i 

\ rrrKr.nv^r* 

1 

1 

i 

{ 

1 100 (45 kpm.) frozen kidneys finely ground into 100 L. 

; 0.1 s.nt. (.VHOiSO, .«oln.. Htirre.l 4 !ir.s.V..5 IlCi .added to pH 


1 

i 

f 

\ 


1 

J 

1 

i 3, stirred 2 hr.*'"., filtered, residue di.scardedt 

2 

! 130 

\ 300 

; .Athi (XH, ):?()< to 0.7 .snt.. jijit. dissolved in 5 L. water. Add 


! 

i 

i 

1 (XIL); 80. to 0.2 sat., ppt. di.^earded. Add (X'H<);SO< to 


i 

} 

i 

i 0.0 sat., ppt. di.csoivcd in 2 L. w.ater 

3 

! 74 

1 270 

i .Add (Xll/):SOj to 0.2.5 s.at., ppt. di.“c;!rded. Add (NIDs-SOj 


\ 


! to 0.0 s.it., ppt. dissolved in 350 ec. water 

4 

4S 

1 242 

; Add cold acetone to 25%, ppt. di.scarded. -Add acetone to S0%, 

1 ppt. dis.solved in 225 cc. water 

5 

3S 

201 

i .Add 1:5 IICl to pH 2, .stand 1 hr., add (X 1 L):S 04 to 0.5 sat., 
jipt. suspended in 225 cc. X/10 nictate buffer, pH 4.S, stirred 
i hr., filtered. Insol. ppt. disc.ardcd 

G 

13 

203 

Add (XH 4 );S 04 to 0.45 sat., ppt. discarded. .Add (X'IDiSOi 
to O.G sat., ppt. dissolved in 225 cc. water 

7 

5.5 

155 

Add (Xll4);S04 to 0.45 sat., ppt. discarded. .Add (XH 4 );S 04 
to 0.55 .sat., ppt. dissolved in 225 cc. water 

8 

1.7 

143 

Diah’zcd against distilled water, cone, to 225 cc. in vacuo, add 
merthiolate 1:20,000, XaCl to 0.8%, filtered through Seitz 




filter 


l.G! 

142 

Final extract, 1 cc. equivalent 200 grams kidney, solids 7 mgm./ 
cc., activity' 0.G3 R.U./cc. Xon toxic 


* .Ail procedures done in cold. 

t A rc-cxtraction of the meat residue with 50 L. 0.1 saturated ammonium sulfate solu- 
tion yields only 45 R.U. additional activitj^ 


Step 5 or 6 (table 2). The final extract produced no untoward s3Tnptoms in 
either normal or hyperten.sive rats. 

Extract prepared in large quantities has been of two types; a, prepared by 
steps 1 to 5 and 8, liatdng a final solid content of 60 mgrn. per 200 grams kidney, 
and 0.9 R.U. acthdty per 200 grams kidney; h, prepared by steps 1 to 3, G, S and 4, 
with final solid content of 40 mgm. and activity of 0.75 R.U. per 200 grams kidnejx 

Present indications suggest that there is but a single active component in tins 
protein extract, apparently an albumin, precipitated between 0.45 and 0.55 
saturation with ammonium sulfate, and heat labile. The activity lost in the 
extraction procedures can be reclaimed bj-- collecting the filtrates after several 
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successive precipitations at 0.45 saturation with ammonium sulfate. The extract 
loses complete activit}' when allowed to stand for 4 months at room temperature, 
and i- its actmty over the same period in the cold. 

Specificity of the pressure lowering activity of kidney extracts. The recovery of 
actimty throughout the fractionation procedure, and the progressive concentra- 
tion of the acth' e material by the discard of inactive proteins, indicates strongly 
that the decline in pressure evoked cannot be dismissed simply as being due to a 
general reaction to a foreign protein. The test animals showed no symptoms of 
anaphylactic shock, and suffered no change in body temperature. Other com- 

TABLE 3 


Specificity of the blood pressure redticing response obtained in hypertensive rats 


IfATERIAL TESTED 

SOLIDS 

INVECTED, 

MGif. 

ACXriTTV 

'RM, 

E.U./Git. 

SOLIDS 

r.d./kgm. 

TISSUE 

Hog kidney, crude extract 

400 

2.0 

5.0 

5.0 

Hog kidney, purified extract 

120 

2.0 

16.7 

5.0 

Hog kidney, purified globulin fraction 

SO 

0 



Hog kidney, purified albumin fraction 

15 

1.4 

93.3 

3.5 

Hog spleen, purified extract 

145 

1.7 

11.8 

4.2 

Hog spleen, purified globulin fraction 

70 

0.3 

4.3 

0.7 

Hog spleen, purified albumin fraction 

30 

1.2 

40.0 

3.0 

Hog muscle, purified extract 

6S 1 

1.4 

1 20.6 

3.5 

Hog muscle, purified albumin fraction 

20 

1.0 

50.0 

2.5 

Hog blood, globulin fraction 

135 

0 



Hog blood, albumin fraction 

i 48 

0.6 

12.5 

1.5 

Horse serum, unfractionated 

160 

1.5 

9.3 

i 750 

Horse serum, globulin fraction 

48 

O.G 

12.5 

16.5 

Horse serum, albumin fraction 

0.8 

2.0 

2500 

250 

Egg albumin 

124 

0 



Pepsin 

100 

0 



Diphtheria antitoxin 

52 

0 



Hog renin, purified (17) 

10 

0 



Casein, aqueous extract 

150 

0 



Amihonium sulfate, 0.1 sat. solution 

no 





mon protein materials, such as egg albumin or diphtheria antito.xin, have proved 
to be inactive (table 3). 

Several points of evidence can not be readil)’’ aligned with the concept that the 
active material was acting specificallj* to destroy the humoral pressor agent, 
however. It will be recalled that the h373ertensive rat showed a refractory period 
after a 4 day extract treatment. This suggested that the time over which the 
pressure could be maintained at low levels, even with continuous therapy, could 
be limited. To test this point, a series of 24 rats were given daily injections of 
renal extract for periods of 30 to 60 daj^s, the blood pressures being recorded 
daily. With but few exceptions, a full pressure return to the pre-injection level 
was attained vithin 10 to 15 days. While subsequent transitoiy pressure falls 









03} 


J. v.% ij!;.\(f.vaTo.v, r. cAurussi), v. a, muhh akd w. tv. kv/lvclk 


tvcif' tu)innion, wliielt a()pcjiml cyrlical, Ihf-re wa-v no tendoncy for th't 
to fw nniinfained ni lotv ]ov{‘)«. Tlif fotv except ional nnimals tvhidi 
did diow I! sustained lowered pressure level failed t<j rf>‘ume hvj)r!ii<;n.sive levels 
when tlie extract inj(‘ctions were disrontimied. 

Further, (he f,wea(cst, pn*.-sure reduetion «)f)tainaf)le with continuous extract 
treatment was seldom much p^reater than that renehed after the 4 day treatment. 
A.s wa.s true for the assay, a daily do-e of 0.3 II. I*, w.'i' required to produce a 
sigiiifirsmt prc.'Sure deelini*. In other words, the effect.s of e^)ntinuous treatment 
did not. a{)jK'nr to be .additive. 

Ftilizine: (he .‘'•rune ehemieal proeedure.<, extraets of ^-arious hrxly tissues were 
(hen prepared. As shown in tahie 3, l)oth hog .'^plemr and muscle yielded active 
albumin in amounts eomparablo to tliat obtained from kidney. Hog blood was 
but weakly aetir'e. Horse semm, however, pi'owal an ex(rej)tionrdIy rich .source 
of active material, A.s a final test , a .^toroid ext met of hog kidney was prepared 
by the acetonc-ethylene dichloride procedure used by Carthmd and Kuizenga 
(IS) for (he preparation ()f adrenal cortical (‘Xtraef. Bnch an extract .showed a 
total blood pre.ssure lowering activity of 0.0 R.F. per 200 gram.s kidney, which is 
roughly half the activity of the jirotein extracts, 'fhe lailk of the activity of the 
.‘^teroirl extract was in the fraction non-snhihic in ethylene dichloride. 

Since blood jme-ssure redtiction in the hypertensive rat can Ixj obtained from 
albumins extracted from many bo<ly ti.s.sues, anti also from a steroid fraction of 
the kidney, there is .seemingly a .strong pos.rilhlity that it is a manifc.station of a 
re.spon.se to one of a limited grouj) of foreign agents to which the bod.v can become 
adapted.- 

SUAIAtAnV 

The protein material contained in various hog ti.ssue.s which will lower the 
blood pre.s.sure of the Ityperteasive rat has been partially purified by ammonium 
sulfate and acetone fractionation .steps. The evidence seems to .suggest that this 
material is contained solely in the albumin fraction. Horse senim was found to 
be an exceptionally rich source of the active protein. 

A rat assay method for the testing of this active material has been constmeted, 
based on the blood pre.ssure reduction obtained in hypertensive rats after intra- 
muscular injection.s of the test material over a 4 day period. It has not been 
found possible to maintain the blood pressure below tlie hypertensive level for 
longer than 10 to 20 days, even though extract injections were given continuously. 

The reduction in blood pressure does not appear to be due to a general reaction 
to a foreign protein. Neither, however, can it be attributed to a single chemical 
entity contained solely in the kidnejx 
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PLASMA PliTIvNTJOX, URIXAIIY EXCPtETIOX -VXD EFFECT UPON 
CIRCliLA'J'JXG 'PO'i’AL KIvD CELL VOLUME OF IXTHAVTSNOUS 
GELATJX LX DOGS WITH DIMINISHED PLASMA VOLUME* 


J. MAXWELL LIT'J’J.E ano J. T. DAMEROX 

From t/ie Dcjmrtnunt of Phi/nolopjj and rhnrmiicoUign . Boxnnnn Cirny Fchool of Medicine of 
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lUcoivc'l for piihlicjition October S, 1013 

In a i)rcvious j>npor (J) it was shown that following a single intravenous injec- 
tion eciuivalcnt in volume to 1 per cent of the body weight of a G to 7 per cent 
gelatin-saline solution in normal dogs, from 55 to 71 per cent of the gelatin bad 
disappeared from the plasma within 6 hours and from Si to 87 per cent in 24 
liours. From 20 to 29 per cent of this gelatin was recovered in the urine during 
24 hours. A marked and almost immediate decrease in the circulating total red 
cell volume which pci-sisted for the experimental period of 3 days was also found. 

The purpose of the e.xporiments reported here was the stud}' of the disappear- 
ance of gelatin from the plasma, its urinarj' excretion, and the effect upon the 
circulating total red cell volume in a condition simulating that in which it would 
be used as a plasma substitute. 

PnocEDURE AND .METHOD. Tlic mcthods were those previously reported (1, 2). 
The dogs "were anesthetized -with pentobarbital sodium. A plasma volume deter- 
mination was done and blood was drawn without stasis from either the jugular 
or femoral vein for hematocrit determination and analysis. Both hind thighs 
were wrapped tightly with either rubber bands approximately 1 inch wide or with 
nibber tubes 12 mm. in diameter. These were placed on the thighs as high as 
possible, tied tightly and left in place for 5 hours. It was not our purpose to 
produce irrevereible shock but mereh* a reduction in the plasma volume. 

One hour after removal of the tourniquets the bladder was catheterized and 
emptied and blood was drawn for a hematocrit deteimination. Tiie animal was 
then given intravenously an unbuffered gelatin-saline solution containing ap- 
proximately 4 per cent of alkali-treated bone collagen gelatin. The volume in- 
jected was equivalent to 2.5 per cent of the body weight. Following the injection 
at 6 and 24 hour inteivals, plasma volume was determined and blood was dra^vn 
for analysis and hematocrit determination. The animal was again anesthetized 
at the 24 hour period so that this period would be comparable to the others in 
eveiy respect. With dogs 1 , 2 and 5 all urine was collected for 24 hours following 
the gelatin, the period being terminated by catheterization. 

Results akd discussiox. In these expeiiments considerable vascular damage 
resulted from the occlusion of the blood supply. This is e^ddent from the hemo- 

1 This investigation has been made with the assistance of a grant from the Conmaittee on 
Therapeutic Eesearch, Council on Pharmacy and Chemistry, American Medical Asso- 

The gelatin was furnished by Knox Gelatine Company, lot number B /8-1 s. 
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concentration shomi in table 2 at the zero hour, wliich was 1 hour after removal 
of the occlusion. In the presence of diminished plasma volume and vascular 


TABLE 1 

Disappearance of gelatin from the plasma 


DOG 

HOUR 

GELATIN 

GIVEN 

SERim 

N.P.N. 

SERUM 

PROTEIN 

CONC. 

SERUM 

GELATIN 

CONC. 

TOTAL 

SERUM 

PROTEIN 

TOTAL 

SERUM 

GELATIN 

GELATIN 
LOST PROM 
PLASMA 

GELATIN 
LOST TROM 
PLASMA 




tnsm, 
per ceni 

grains 
per cent 

grams 
per cent 

grams 

grams 

grams 

per cent 

1 

control 

13.88 

25.9 

5.79 


36.01 





6 

! 

i 

42.1 

4.36 

1.32 

20.14 

6.10 

7.78 

56.1 


24 


50.3 

4.01 

0.44 

24.94 

2.74 

11.14 


2 

control 

14.70 

20.1 

4.82 


24.39 





6 


30.0 

3.23 

1.44 

13.82 

6.16 

8.54 

58.1 


24 1 

1 


36.4 

3.77 1 

0.58 

16.36 

2.52 

12.18 

82.9 

3 

control 

11.41 

23.6 

5.34 


28.25 


1 



6 

! 

34.3 

4.05 

1.14 

16.44 

4.63 

6.78 

59.4 


24 


37.1 

3.95 

0.40 

20.62 

2.09 

9.32 

81.7 

4 

control 

14.51 

34.9 

6.97 


51.86 





6 


79.8 

5.31 

1.00 

28.36 

5.34 

9.17 

63.2 

5 

control 

16.62 

26.6 

7.79 


85.69 





6 

i 

23.4 

6.40 

0.55 






j 24 

i 

26.7 

6.57 

0.14 

72.27 

1.54 

15.08 

90.7 


TABLE 2 

Changes in circulating red cell volume 




PLASMA VOLUME 

RED CELL VOLUME 

TOTAL BLOOD VOLUME 

HEMATOCRIT 

DOG 

WEIGHT 

hour 



Con- 

trol 

6 

24 

Con- 

trol 

6 

24 

Con- 

trol 

6 

24 

Con- 

trol 

0* 

6 

24 


kgm. 

vtL 

ml. 

ml. 

ml. 

mU 

ml. 

ml. 

v>l. 

ml. 





1 

13.5 

622 

462 

622 

505 

647 

545 

1127 


1167 

44.8 

64.5 

58.3 

46.7 

2 

14.0 

506 

428 

434 

350 

442 

429 

856 

»Wl1 

863 

40.9 

67.0 

50.8 

49.7 

3 

11.0 

529 

406 

522 

254 

336 

275 

782 

742 

797 

32.3 

60.7 

45.3 

34.5 

4 

14.5 

744 

534 

t 

454 

572 


1198 



37.9 

65.2 

51.7 





t 


680 


666 



1766 

38.2 

52.3 

42.5 

37.6 


* One hour after cessation of occlusion and Just prior to gelatin injection, 
t Dog died before 24 hour period. 
t Blood volume determination lost. 


damage the gelatin disappeared from the plasma at about the same rate as was the 
case in normal dogs. An exception is dog 5, which at the end of 24 hours had lost 
90.7 per cent of the gelatin from the plasma. This animal had less vascular 
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damage (han the as is seen by comparing the eonfrol and zero hour 

hemntonrit values. 7'jio urine contained only 31,9 per cent of the gelatin which 
disa j)})earefl f rom t lie pltistna, so the excref ion was not apjneeiably increased. It 
is possible that this animal metalmlizcfi tlie gelatin at a faster rate than the other 
animals. 


Urinary excretion was also determined in <logs 1 and 2. During the 2-1 hour 
periorl 30.') and 37.1 per rent nvp(?ctively of the gelatin lost from the plasma wa.? 
recovered in the urine, 'I'hese urinary value-'-' are .somewhat higher than with the 
normal dogs, hut it is belicvcti that this difference i.s not .significant. 

In noniKil imane.sthctizcd dogs a .single injection of G to 7 per cent gelatin 
caused a decrease in the circulating rod cell volume of from 25 to 37 per cent at 


the end of G hour.s (1 ). As will be seen in taldo 2, in these dogs with a diminished 
])lasma volume, there was a considerable increase in the circulating red cell 
volume at 0 hours as compared with tlie control value. The total blood volume, 
calculated from the plasm.-i volume and tlie liematocrit reading, remained practi- 
cally constant, throughout the e.\'perimenl.s, tlicrc being an inverse rclation.ship 
between tlie plasma volume and the red cell volume. 

In this instance we are dealing uith a primary deficit in plasma volume, wliile 
Halm ct al. (3) liave reported an inverse relationship between plasma volume and 
circulating red cell volume in dogs recovering from anemia, in which tlierc was a 
primary deficit in rod cell volume. 7'hoy .«;tate that the “total blood volume of 
the dog is maintained at a constant level independent of the state of anemia. As 
tlie red cell circulating volume increasc-s, there is a corre.sponding drop in the 
pla.sma volume in order to maintain the total circulating blood volume coastant.” 
These observations should he verified in a viiricty of alterations of plasma and 
red cell volume before an interpretation is attempted in relation to a general 
physiological mechanism for the regulation of blood volume. However, the 
reported cfTect of gelatin on tlie circulating red cell volume is apparently of little 
significance in the use of this substance as a plasma substitute. 

With dogs 1 through 3, the only ones with complete data, 30, 24 and 35 per cent 
respectively of the total serum protein deficit existing at the 6 hour period had 
been replenished by the 24 hour period. 


SU-M-MARA' 

A decrease in. plasma volume was produced in anestlietized dogs bj' occlusion 
of the circulation to the hind limbs. Infused gelatin solutions were found to leave 
the plasma and to be excreted in the urine at approximately the same rate as in 
the normal unanesthetized dog. 

An inveree relationship was found between the plasma volume and the calcu- 
lated red cell volume, so that the total blood volume remained practically con- 
stant. No decrease in circulating total red cell volume below the control value 
was found, as was the case Avith normal unanesthetized dogs. 
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Work reported from this laboratory has indicated that fat-feeding has a sparing 
action on carbohydrate utilization during subsequent fasting (1-4). This 
phenomenon could be due either to increased gluconeogenesis or to accelerated fat 
combustion, initiated during feeding and persisting after the deprivation of food. 
That the latter is probably the case in the intact animal is suggested by nitrogen 
excretion and ketosis data (5). 

The liver is commonly supposed to be the major site of the transformations 
involved both in gluconeogenesis and in fat combustion. The following ex- 
periments demonstrate that the carbohydrate-sparing effect of previous fat-feed- 
ing continues after abdominal evisceration, and therefore, cannot be mediated 
through the liver alone. It is also deduced that fat may be burned in the absence 
of the liver, and is, indeed, preferentially burned during early fasting following the 
feeding of a high fat diet for a period of time. 

Methods. Young male rats of the Sprague-Dawley strain and weighing be- 
tween 60 to 75 grams were prepared for eventual evisceration by complete ligation 
of the vena cava above the entrance of the renal veins. The animals were then 
allowed to grow to adulthood on a diet of Purina fox chow fed ad libitum. 

When the rats had attained a weight of 250 to 300 grams they were transferred 
to semiliquid diets force-fed by stomach tube (6). All animals were first fed a 
diet prepared by mixing equal amounts of the high fat and high carbohydrate 
diets described by Roberts and Samuels (3). After four days, when the rats had 
become accustomed to feeding bj'^ stomach tube, they were separated into two 
groups having similar ranges of weight. One group was fed the diet containing 
85 per cent of the calories as com oil; the other was given the diet in which 83 per 
cent of the calories were supplied by dextrin and 2 per cent by com oil. The 
protein, lactalbumin, supplied 15 per cent of the calories in each case. Adequate 
vitamin and mineral supplements were included in both (3). Equi-caloric 
amounts of the two diets, sufficient to maintain body weight, were fed twice daily 
in equal volumes. 

After 3 to 6 weeks on the above regimes, all animals were fasted 24 to 30 hours 
and e^^scerated bj' the method of Reinecke (7). The kidneys were left intact. 

The experiments perforriied were of Uvo general types. In the first tjqjc, oxy- 

^ This work was part of a thesis presented by Sidney Roberts to the Graduate School of 
the University of Minnesota in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy. 

" Aided by a grant from the John and Mary R. ilarkle Foundation. 
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gcii con.'fumption ruffs nrifl blow] snmj)!??; v.-cit; Inkcn imniwliatoly prccading and 
following (fvi.ccgrntion and nf frequont inloj-valf-- (hereafter. In the f-econd t ype, 
blood f-amples were taken a?-: before but the anitnab wen* Kicrifieed five hours 
a Her evisceration, so tliaf hloorJ acetone body and kidney glycogen determinations 
could Ik* made. 

Blood .‘•■ample.': were taken from the clipped end of the taii and, iti addition, from 
the right ventricle f>f the heart a* death. Simuilaneou.': heart, and tail samples 
checked within o per cent. The amount of blood ol)t.*iined was either O.O.o or 
0.1 ee. d’ho 1 iingst ie acid fili mtes were analy;'ed for “glnco.'C*’' by an adaptation 
of tbc I'olin-M.almros mierf)-me-tiiod using tln^ E%'elyn photoeleetric colorimeter 
(3). \east fermentations were also done on certain of the samples to determine 
(lie extent of ferrnentafjle and of nonfennentable reducing substance? present in 
the blond at these times. 'I’ijo fermentations were earried out In- tlie method of 
A an Slyke and Hawkins fS). Be.'iilual rcilucing net ion of the tungstic acid blood 
filtrate.? wa.s tlien determined by the micro-nicf hod previously mentioned. Xon- 
protcin-nitrogen deterininat ions were performed on a number of the filtrate? irsing 
a .simple micro-modifieation of the Wong ])er?alplia(e procedure for dige.stion 
(9), followed by direct ne.‘;sleri/gition. 

Tlie .simple nianomotric device de-signed by Slielkw and Ilcmingwa}’ (10) was 
employed in the estimation of mtc? of o.xygen consumption. The time required 
to con.sumc a ineasumd volume of ox.vgen, u.sually 25 to 50 cc., was determined. 
Checks of within 5 jior cent woio obtained conslstontl}*. 

In the case of the animals .‘'ncrificed five hours after evisceration, 5 cc. .samples 
of aortal blood were analyzed for blood acetone bodies by the method of Van 
Sh'ke and Fitz (11). The kidneys were decapsukited in si(u, severed from ar- 
terial and venous connections after ligation, and immediately plunged into a 
tared tube containing hot 30 per cent potassium hydroxide. Glycogen was de- 
termined by a combination of the purification procedure of Good, Kramer and 
Somogyi (12) and the micro-glucose method already mentioned (3). 

Result.?. The effect of previous diet on the rate of glucose utilization and 
length of sur\dval after evisceration is .shown in figure 1. Feeding a diet rich in 
fat for 6 weeks gi-eatly decreased the apparent rate of glucose utilization and cor- 
respondingh' prolonged the .survival time of rats eviscerated 24 to 30 hours after 
the deprivation of food. 

Tlie high carbohydrate animals showed an extremely rapid drop in blood sugar 
immediately after operation; all died in hjqioglycemic convulsions Gl- to 10| 
hours later (average 81). On the other hand, the high fat animals were able to 
maintain their fasting blood sugar level during this same period of time, dying 
onl 3 ' after 15| to 19 houis (average about 17 hrs.). Death in the latter case was 
not due to convulsions, but was associated with pre-mortal rigor and hyperpnea. 

The 3 'east fermentation studies corroborated these results (tables 1 and 2). 
Although there was an increase in nonfermentable reducing substances in the 
blood with time after evisceration, the rate was essentially the same in both 
groups of animals (table 1). The amount of fermentable reducing .substances 
present in the heart blood of the high carboh 3 :drate rats at the time of death was 
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practicallj" nil, while that found in the high fat group was relatively high (table 2) . 
Eiddently, the cause of death in the latter group was not a lack of glucose. The 
peculiar t 3 ’-pe of death noted (hj’perpnea and rigor) suggests acidosis. 

That the difference noted in the two groups of animals was not due to a differ- 
ence in total metabolism is revealed b 3 ’- the ox 3 "gen consumption data. Figure 2 




Fig. 1 Fig. 2 

Fig. 1. Blood sugar disappearance and survival time of eviscerated rats as influenced 
by previous diet. All animals previously force-fed the high carbohydrate diet for 6 weeks, 
and then fasted 24 to 30 hours prior to evisceration, died in convulsions. The high fat 
animals exhibited hyperventilation and progressive rigor just before death; none were 
convulsive. 

Fig. 2. Previous diet and the oxygen consumption of eviscerated rats. All animals were 
fasted 24 to 30 hours after 6 weeks on the high fat and high carbohydrate diets fed bj’' sto- 
mach tube in equi-caloric amounts. Evisceration was then carried out. 


TABLE 1 


Rise in non~fermentahle reducing substances* in the blood of rats after evisceration 


HIGH CARBOHYDEATE 


HIGH TAT 


Hours after evisceration 


0 

7 

10 

Death 

Hours of 
survival 

0 

7 

10 

Death 

Hours of 
sur\’ival 

15 

t 

t 

22 

6J 


23 


43 


11 

29 

t 

26 

7i 


37 




9 

10 

t 

30 

8 


35 


43 


14 

14 

43 

43 

10 


26 

22 

43 


10 

22 


30 

10-J 


28 

27 

46 


10 

32 


31 

10§ 





HH 


* Expressed in terms of milligram glucose per 100 cc. blood, 
t Animal dead at this time. 


clearly reveals that no significant difference existed in the ox 3 ’’gen consumption 
rates of rats fasted 24 to 30 hours and pretdousl 3 ’’ force-fed a high fat or high 
carbohydrate diet for 6 weeks. In both groups the rate shows an immediate 
decline after etdsceration, leveling off 2 to 3 hours later. This low level of 
metabolism (about 25 per cent that of the intact animal) was maintained until 
death. 
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Tlio blood and tie-^uc analy.-eK carried out o liours afterevi.sx-erntion in rimiiarly- 
Ireated animals arKiie ajrainst the poRsible j)rcr.'f‘iK:c of saiperior concent niiions of 
metulxilites in the fat-fed grtaip after evificcrntion. Thus, at (his time, the blood 
of both j^rotips of animalH had been cleared of acetone bodic-s, at a time v/hen the 
difterence in glucose utilization was at its height. Kidney glycogen content was 
insignificant in all animals. 1 he fasting levels of non-protcin-nitrogen, as well as 

TAItbE 2 

T/iC cjffcct of previous did on (he foil in frrmcr.lahlc ridncing m ike blood nflcr 

(I'ifccralion 

lur.tl CAST'OnVDVATK j niG!t J AT 


1 Jours aftrr tvircrrali'^:; 


0 

* 


VeaU 

Hours of ! 
JurvK‘2,1 i 

0 

t * 

! 

i Death 

1 Hours of 
fun-iva! 

73 

t I 

t 


Cl i 


G1 

j 44 

12 

i 15i 

S3 

j 

t 


n i 

S2 

SI 

SO 


i 161 

S7 

9 

t 

2 

s ! 

101 

69 

6S 

17 

i 161 

S-J 

30 

0 ! 

0 

10 ; 

99 

S2 

73 

15 

! 17 

S7 

12 

i 

0 

10? j 

102 

96 

06 

IS 

1 

70 


1 

9 

101 i 

* 1 



, 


! 


• As milligram glucose per JOO cc. blood, 
t Animal dead at this time. 


TABLE 3 

Previous diet and the rise in blood non-protcin-nitrogen after evisceration* 


KICK CARronvDRATr. ! area tat 


Initialt 

Final; 

1 Increase 

Initialt 

1 Final; 

Increase 

34 

65 

31 

39 

55 

16 

46 

S2 ! 

36 i 

32 

62 

30 

25 

40 

15 ; 

34 1 

72 

3S 

45 

! GO 

15 1 

‘ 25 1 

; 51 

26 


i 

I 

t 

35 j 

74 

29 


* Expressed as milligram of nitrogen per 100 cc. blood, 
t Immediateb' after evisceration, foilowing a 24-30 hour fast. . 
X Five hours after evisceration. 


the rate of increase during the five hours, were quite comparable in both fat-fed 
and carbohydrate-fed animals (table 3). 

Discussiox. Tlie results of this investigation show clearlj^ that the carbo- 
li 3 'drate-sparing effect of previous fat-feeding occurs in the absence of the liver. 
This phenomenon had already' been demonstrated in the intact animal. Thus, 
animals previously force-fed a high fat diet by stomach tube showed a higher 
average blood glucose level after 30 hours’ fasting than animals similarly fed 
equi-caloric amoxmts of a high-carbohj'drate diet (1). This was associated with a 
slower rate of disappearance of liver and muscle gljxogen (1, 2) and a reduced 
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sensitivity^ to insulin during tlie first 3G hours of tlie fast (3). Tiie basal nieta- 
liolic rates of the fat-fed rats were as high or higher than those of rats fed cai- 
bohydrate (4). That these phenomena were due to increased fat combustion in 
the fat-fed group ivas suggested by the fact that during early fasting nitrogen 
excretion was quite similar in the two groups, but only the high fat animals ex- 
hibited a fasting ketosis (5). 

The situation in the liverless animal is probably similar to that in the intact 
animal. In both cases, the sparing of carbohydrate in the fat-fed group was not 
due to a decrease in total metabolism or to an increase in protein metabolism. 
Thus, in the eviscerate, rate of oxygen consumption and rate of rise of blood 
non-protein-nitrogen were unaffected by previous diet. Five hours after opera- 
tion, kidney glycogen, blood non-protem-nitrogen, and blood acetone bodies were 
similar in both groups of animals. At the time of evisceration, muscle glycogen 
was probably quite similar in the two groups (1). 

Since it has previously been .shown that the fat-fed animals exhibit a fasting 
ketosis of about 10 mgm. acetone per 100 cc. of blood after a 24 to 30 hour fast 
(5) , it is apparent that the eviscerate is capable of utilizing acetone bodies. How- 
ever, since these rapidly disappear from the circulation after operation, they 
cannot be responsible for the continued .slow rate of glucose utilization. 

It is also evident that extra-hepatic gluconeogene.sis from protein, if it oc- 
curred, was of the same order of magnitude in fat-fed and carboltydrate-fed rats. 
Blood non-protein-nitrogen data indicate that the differences in diet have not 
greatly affected this process. Gluconeogenesis in the kidney has now been dem- 
onstrated by'’ several investigators (7, 13, 14, 15). Fat, as well as protein, may^ 
be involved here. 

It seems likely, then, that the depre.s.sion of glucose utilization in the fat-fed 
animal is due to an increased rate of fat utilization. Since the phenomenon is 
exhibited in the eviscerate as well as in the intact animal, it may' be concluded that 
the liver is not essential for the utilization of fat. The work of other investigat ore 
points in the same direction. Thus, Alann (IG) found that dogs previously' fed 
large amounts of fat survived longer after hcpatcctomy' than similar animals 
maintained on other diets. Druiy and McMaster (17) demon.strated an R.Q. 
slightly' above 0.7 in rabbits fasted .several day's prior to evisceration. 

It is well established that the intact animal, while feeding, tends to burn a 
mixture of foodstuffs similar to that present in the diet. If the diet has been 
maintained long enough, this phenomenon may' become .selective and continue 
dining fasting as a “preferential utilization” of the predominant constituent of t he 
previous diet.. The liver cannot be considered the sole site of this “tuning” ac- 
tion. Tims, it has been demonstrated above that the apparent gluco.se utiliza- 
tion rate of the eviscerate is related to the carbohy'drate content of the previous 
diet. The situation with regard to the utilization of fat b.v the extra-hepatic 
tissues seems to be quite similar. This utilization may' be direct, or it may' in- 
volve .some other organ such as the kidney. 
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SUM.MAIlV 

Aduit mule rai.«, forre-G'd a hi^h fat «Iiet for f o G week.-^, and then fasted 24 to 
30 hours, exhihiferl a imieh slower apj)arent jjlueose utilization nife after oviseera- 
tiou and survived t wice as Imit^ as similar animal';, previously maintained on a 
high earhohydratt; diet . (Jnlika; the earhoiiydrate-fed animals, the fat-fed group 
did not exhihif convulsions or a blood glueosa* level of practically zero at death. 

Fasting oxygen consumpf ions, as well as t he rate of decline in oxygen utilization 
after evisceration, were quite similar in both gnmps. Kidney glycogens and 
blood acetone botlies we.te insignificant in all animals five hours after evisceration. 
Jh'otein metabolism, as indieaf<'d by the rate of rise of non-prolcin-nitrogen was 
unafTeeted by the previous diet. 

It is concluded that, in animals maintained on a particular diet for a period of 
time, the foodstiiff predominantly burned by the extra-hepatic tis.sue.s duringthe 
early sbige.s of fasting cotTCsponds to the major constituent of the previous diet. 
This applies to fat as w(‘ll as to earbohydratca 
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jModern interest in the biomechanics of posture and locomotion derives from 
extensive observations made during the last decades of the 19th centuiy (1). 
Braune and Fischer first located the common center of gravity of the human 
body in the three cardinal orientation planes. From observations obtained bj^ 
suspending an intact and dismembered cadaver, frozen recumbent in rigor 
mortis, a skeletal model was constructed to ascertain the relation of the gravity 
centers of the segmented parts to the adjacent joint axes. These dimensions 
were consigned to a living subject of similar build. Bj'- such indirect methods, 
the transverse vertical orientation plane passing through the center of gravity 
of the bod}’' could be made to coincide with the axes of rotation of the weight 
bearing limbs. The cai'dinal anteroposterior plane was assumed to divide the 
whole into stric ly symmetrical halves. This posture called the N ormalsiellung , 
was used by Braune and Fischer merely as the zero position for further calcula- 
tions. Subsequently this was considered to be the ideal posture of man, disre- 
garding the limitations of the method used in the derivation of the concept and 
the experimental purpose for which it was originally conceived. 

Braune and Fischer assumed that when once established the center of gravitj’’ 
of a pai-t remains fixed. Thus they studied the mechanical characteristics of 
the military posture as a deviation of the body parts from the cardinal vertical 
orientation planes of the N ormalstelhing and determined the location of the 
new common center of gravity from the calculation of the degree of I’edistribu- 
tion of the bod}’' segments. Although the major premise of the procedure is 
acceptable within the limits used by these investigators, it is one of questionable 
validity, for no two human physiques are sufficient!}’' alike to pennit a direct 
transference of center of gravity data from one to another; furthermore, the 
relations existent between the articulated parts, the position of the \’iscera in 
their respective cavities, and the pooling of the body fluids are all different enough 
in the vertical stance and recumbency to make the two postures incomparable. 

The center of gravity of the living body in the upright stance shifts inces- 
santly (2). The study of the oscillations of the body while standing in various 
postures appears to have originated with Yierordt (3) whose work was repeated 
and extended by Leitenstorfer’s investigation of fatigue in relation to militar}’' 
training (4). No similar work appears in the literature. The object of this 
study M’as to observe the influence of the regulation pack of the U. S. Army 

1 Supported ia part by the Wisconsin Alumni Research Foundation. 
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Fig. 1. Bipl.inc jiog.ntive pliotogr.'iphs illustrating the tallest and .shortest subjects in the 
series in the military posture and carrying the Army pack higher than regulations specify. 

loaded the regulation pack and adjnsted it in position. The contents of the load 
were then rearranged to raise or droj) the center of weight and in addition tiie 
pack wa.s carried too high on the shoulders or too low. All re-packing and 
adjusting were done b\' the sergeant. The regulation jjack protdded weighed 
13.64 kgm. The men carried no acce.s50iy equipment (side arms, ammunition, 
raincoat, or blanket). The extremes in .size of the men available for this study 
are illustrated in figure 1. The diflference is 20.8 cm. in height and 31.6 kgm. 
in weight. 
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Each man was observed in the following five postures: a natm-al comfortable 
stance, the militaiy posture, carrying the pack in regulation position, too high 
and too low. The methods used have been described previously (5). The 
subjects stood for two minutes in each posture during wliich biplane center of 
gravity observations were made at 5 second intervals. These were synchronized 
vdth sagittal and back view posture pictures. Thus 250 photographs and center 
of gravity observations were obtamed for each subject. Experimentally deter- 
mined gravity lines were introduced subsequently into the posture pictures. 

A trajectoiy of the shifts in the center of gravity occurring in the cardinal 
vertical orientation planes was recorded as a moving kymogram. To gauge 
the manner in which the shifts in the center of gravity encroach upon the margins 
of static security, the common center of weight was projected vertically into 
the supporting base. A durable record of the weight bearing surface of the 
base was made by moistening the soles of the feet noth potassium peimanganate 
and having the subject stand on absorbent paper placed in a knovm relation to 
the knife edges of the center of gravity platform. The heels were separated 
and the feet turned out by an amount great enough to equalize the diameters of 
support in the anteroposterior and transvei-se planes as suggested by Morton (6). 
In the military stance, the feet were first placed in Morton’s position; the subject 
then rose on his toes, brought the heels together and lowered them to assume 
the approved military posture. Since the taking of photographs made it neces- 
sary for the subject to stand in the glare of flood lights, tightly fitting dark 
goggles were provided so that the eyes might remain open vdthout any increase 
in postural tonus due to retinal stimulation. 

Results and their interpretation. 1. Natural standing. Physiologically 
normal standing is not one of passive balance in the sense indicated by the 
coincidence of the weight line vuth the principal ai’ticulations in the Normal- 
stellung. This has been emphasized by Steindler (7). The vertical projection 
of the common center of weight was placed by him at about 4 cm. in front of the 
anlde joint. We found it approximating the geometric center of the base in all 
postures both loaded and without pack, vaiying in respect to the axis of rotation 
of the ankle joint in relation to stature and the size of the feet. In the men 
under observation this point ranged from 6.25 to 11.73 cm. in front of the ankle 
joint. The relational measures of the cardinal orientation planes to various 
anatomical points are summarized in table 1. The toe and heel tangent data 
furipsh demonstrable evidence for the belief that the vertical projection of the 
common center of weight appro.ximates the middle of the total base, falling, as 
we have previously reported, slightly behhid its geometric center (8). This is 
better expressed as an eccentricity ratio (table 2). Thus the mean vertical 
projection of the observed center of gravity falls behind the geometric center 
of the total base in natural standing by an amount equal to 7 .67 per cent of 
one-half the anteroposterior diameter of static security. Reference to the data 
on coronal plane stance eccentricity shows that the vertical projection of the 
common center of weight falls to the left of the geometric center of the base 
in accord with our pre\uous findings (8). Most of our earlier observations were 
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made on. women. The present study confirms these. There is no evidence of 
sex differences. 

Since the weight line falls an appreciable distance from the axes of rotation 
of the principal supporting articulations, gravitational rotatory moments are 
active. These maj’’ either flex or extend contiguous segments, depending upon 
the relation of the application of the force to the axis of rotation of each joint. 
They equal in magnitude the product of the superimposed weight and the 
perpendicular distance of the chain of articulations from the vertical projection 
of the center of grardty of the bod3' as a whole. To remain upright the rotatory 
components of the passively effective gravitational forces which are collapsing 

TABLE 2 


The eccentricity and variability of'thc vertical projection of the center of gravity in the 
unloaded stances and with the military pack 
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in their effect must be equilibrated bj^ muscular contractions of the extensors. 
An increase in postural tonus usuallj’’ suffices. Phasic contractions are necessaiy 
onty when equilibrium is grosslj" disturbed. The gravitational forces which 
are extending in their effect serve as muscle sparers. 

The rotatory moment acting on the ankle joint is relative^'' large and is 
balanced mainly by the tonic contraction of the gastrocnemius and soleus. The 
forwardly unbalanced position of the leg with the foot in dorsiflexion suggests 
that the flexors of the toes probablj’' contract in most subjects during natural 
comfortable standing, adding the accessoiy securit}'^ offered bj* the digits. This 
enlarges and stabilizes the functional base of support. The gravity line falls 
in front of the axis of the knee joint. Quain suggests that the superincumbent 
Aveight of the thigh and trunk thus serves as a force which is in itself sufficient to 
keep the joint extended Avithout the aid of muscular contraction (9). Little AA'ork 
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in hciiiK (lone by the (ftiadricniJM rwnori.s iti natural s^tandinjr. Quain places the 
verlical projection of the center of gravity beliind the center of rotation of the 
hip joint, Vvv have no <lirect evidence on this point, Jf true, gravity passively 
tilts the pelvis l)ack\vards. Tiie resultant movement is limited by tension of the 
hij) joint, ligaments. Thus llie tnink is supported on the thighs in great measure 
without muscular effort. The muscle.^ associated with the iliotibial band steady 
tlic condyles of the femur on the articular stirfacc of the tibia, stabilize the pelvis 
on t he femora and limit hip joint extension. Since the iliotibial hand is attached 
in front of the axis of the knee joint, the gluten.^ maximus supports the knee 
indirectly in the extended po.«ition, especially when the (juadriceps femoris is 
relaxed. In the natural stance the head, pendent upper extremities, and trunk 
appear to be balanced on the pelvic girdle witjj the mu.^culature relaxed for the 
vertebral eurvaturcs are augmented and the abdomen protrudc.s. The co- 
efficients of variation in natural comfortable standing tend to bo large (table 1), 
indicating that this position is .slightly more labile than the militan.* stance and 
loaded posturc.s. This is advantageoti.s to the circulation, providing a shifting 
tonus wliich then serves in the primary line of defense against orthostatic circula- 
tory insufficiency and its attendant sensation of exhaustion. 

Morton believes that the loos do not participate in standing and postulates’ 
that the center of weight falls midway between the heel tangent and a tran.sver.se 
line passing between the metatar.so-phalangeal joint of the great toes. This 
was approached In- and aj^ijarently eonsistenth- characteristic of one of our 
.seven subjects in all postures, loaded and n-ithout pack. In our c-xperience as 
close an approximation of Morton’s base as this Is comparatively rare. Accord- 
ingly, the observation.s of this subject l>avc been c.xcludcd from the group analy- 
sis and arc presented separately in table 2. Since the vertical projection of the 
common center of weight overhangs the axi.s of motion of the ankle joint of the 
supporting limbs by an amount whicli is .significantly les.s than that evident in 
otlier .subjects, tliis infrequently seen stance should require less muscular work to 
neutralize the collapsing influence of gravitational stre.'ses. The sa%'ing in 
energy associated with a reduction in the siz>e of the base by functional exclusion 
of the toes seems not to have been achieved at any sacrifice to .stability. Tin's 
is shown by comparison of the standard deviation of the eccentricity rafios in 
the two types of standing. Thus in one of our seven subjects the functional 
diameter of support postulated by Morton appears to be adequate without 
reliance on the accessory security offered b 3 ’- the toes. 

2. The military posture. iMcA-er placed tlie gra-vity line in the militarv- posture 
3 cm. in front of the anlde joint according to Steindler (7). Braune and Fischer 
placed it at? cm. We found the vertical projection of the mean common- center 
of weight to be 8.99 cm. in front of the ankle joint for the men who use the total 
base in .standing and 7.14 cm. in the .single subject who excludes his toes. For 
the group as a whole this is a significant forward shift of the center of weight 
from that characteristic of natural standing (table 3). This represents an aug- 
mentation of rotatorj" stresses at the ankle joint and a small increase in moment 
at the knee (table 1). The weight line falls further in front of the knee joint 
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and therefore tends to produce overextension of the articulation; this is limited 
by the tension of ligaments. The relation of thigh to leg remains essential^’' 
unchanged and the superincumbent mass appears to swing forward in toto over 
the base (fig. 3). The parts at the- upper end of the lever are not as foi’wardly 
imbalanced as one would expect from the augmentation of the ankle moment. 
The head appears to have a compensatory counterweighting action. The 
shoulders are retracted, swinging the arms backwards and the chest is raised, 
thus reducing the dorsal curvature of the vertebral column. The abdomen is 
flattened. The militaiy stance suggests increased contraction on the part of 
hip and back extensors to balance the forwardly displaced supra-femoralmass. 

The statistical analysis of the data presented in tables 2 and 3 shows that 
taking the group as a whole, the assumption of the military stance had no signif- 
icant effect on coronal plane eccentricity but that it was associated vdth a 
significant anterior shift in the common center of weight, bringing its vertical 
projection closer to the geometric center of the supporting base and steadjdng 

TABLE 3 

The critical ratios of the mean eccentricity of 6 military subjects in each of the four stances: 
natural, the pack m regulation position, too high, and too low, coinpared with that of the 

military posture 

AKTEROPOSTERIOR ECCENTRICITV 
CEmCAL RATIO 

5.78 

2.28 
2.39 

8.79 

the stance. This was especially evident in the reduced variability of head poise 
and knee position (table 1). Thus the autonomous compensation for an aug- 
mented gra\dtational stress at the distal joints of the weight bearing limbs is 
more than adequate to meet the altered demands brought about by the new 
alignment. Since postural contraction is cheap and relatively indefatigable, 
the increased muscular effort is probably inconsequential. However, the 
reduction in postural sway associated with a more perfect centering of the 
weight above the middle of the base and the stiffening of the stance by voluntary 
effort might eventually prove disadvantageous because of the lessened aid 
thus given in combating the hydrostatic effect of gravity on the circulation. 
Sjmeope is common when the recruit is held long in a position of attention. Thus 
an improved centering of the weight which may be assumed to be mechanically 
advantageous, may not be plysiologicalb’^ desirable. 

3. T/ie Army 'pack in regulation position, too high and too low. A load canded 
on the back near the upper end of a chain of mobile segments had less effect on 
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Fig. 2. Reproduction of the base of support showing the location of the vertical projec- 
tion of the center of gra\dty at 5 sec. intervals during two minutes of standing in each of the 
following positions, reading from left to right; a tall subject in militarj* posture, with the 
pack in regulation position, with the pack too liigh and with the pack too low; an average 
subject in the military posture and with the pack too low. The solid circle indicates the 
geometric center of the base. 


imbalanced by the pack as illustrated in figure 2. Although he weighed more 
than 200 lbs., a relatively light additional load placed high on the back elevated 
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his alread}' high center of gravity sufficientb^ to be hazardous to stabilitjL 
Lowering the pack to a position below that prescribed by Arnij’’ regulations 
had a distinctly stabilizing effect, which may not, however, be deshable for the 
man most in need of assistance in the prevention of gravity shock. The short 
man supports considerable of the pack load on the hips which is an advantage 
not enjoyed by the tall subjects who were forced to sustain the added weight 
by protraction of the shoulder girdle and an increase in counter-weighting body 
lean. 

Figure 2 shows that the gravitational stress pattern of any one subject is 
characteristic and repeatable. Although a pack on the back moves the center 
of w^eight of man and load dorsallj'’, compensatory postural adjustments are so 
perfectly made that no matter how the pack is carried, the subject automatically 



Fig. 3. Reproduction of superimposed photographs showing compensatory adjustments 
to stance variation and load. Reading from left to right : military posture superimposed on 
natural standing; pack regulation, pack high, and pack low compared with the unloaded 
military stance. 


maintains the vertical projection of the common center of weight in much the 
same place as when unloaded, and always in the neighborhood of the geometric 
center of the base. As a whole compensation for the pack is sufficiently perfect 
to nullify any very great variation in postural stability save in exceptionally tall 
subjects. Steindler noted that there is an inherent tendency to maintain the 
vertical projection of the common center of weight at a constant relation to the 
points of support of the body. This is striking^ demonstrated in these experi- 
ments. So basic is the relation of the vertical projection of the common center 
of weight to the center of the supporting base that it is difficult to disrupt this 
principal condition of equilibrium. 

The major compensatory adjustment to the backwardly displacing influence 
of the pack appears to be an increase in the flexion of the leg upon the foot, 
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fiirtlicr nup!nt‘nfinK it?^ nnrmnl forwardly unbalaiif.-'.-d portion. With tiic pack 
in hiph or in regulation jjosition llicre in no Hic:nifi<;nn{ <ii.'p!accmcnt of (Ik; center 
of frravify a whole Kivinp: rke to uiinatura! sircH-es differing? from thone evident 
in the military po-tnro f>f which the ifcided stance is a modification. I’he head 
and shonld('r.s swint^ forward in an cdiorf t<» ecpialize the load restin': on flje hack 
as body lean is aucmenied ffi". .'i). Since tlu* anteroj> 0 'terior eccentricity 
of llto center of weight has not altered .significantly, the.-e j)'j>ttn'al adjustments 
hidance the load cancelling its effects on the cciiter of weight. There is: no 
evidence of rotation of the pelvis on line heads of the femora in the adjij.strncnt 
of (he load. If this were occurring, coneornitant flexion of the kneas would 
be apparent for each segment, of the ehain of articulated parts which sustain 
the body in the upright posture coinfumsates automat icrdly for dLsturhanccs 
in the alignment of its noighhons. Except for the muscular contraction nccos- 
sarv to carry the pack and an increase in at the ankle, there i.s no indication 
in our data of an additional demand on knee, hip or hack extensors beyond that 
called forth by flic unloaded military posture. Wljen the pack was carried low, 
the center of gravit y shifted significantly fonvarrl .so that its mean position for the 
men who use the toes in .st anding fell in front of the middle of the ba.se, incrca.sing 
the .strain on the foot (fig. 2). Thus ovorcompensation en.sucd when the pack 
was borne low, perliaj)s in part becau.se fewer segments parlici])ate in (he balanc- 
ing readju.strnonts, reducing the sensitivity of the sy.stem. Or more important, 
because the low placed load by augmenting the backward displacement of the 
center of gravit 3 ' of man and pack incrca.«cs the magnitude of the equilibrating 
forward bod\' lean. The stance a.ss:umed when the pack was lower than regula- 
tion.s require wa.s Ic.ss a.s^unmctric in the coronal jdane than an 3 * other po.sture 
taken In' this group of men and was tlic least variable. Except for the high 
pack carried b 3 ’ the tallest man, all loaded postures were .steadier than those 
without pack. It is known that dLstraction reduces po.stural swa 3 '. Preoccupa- 
tion with the problem of balancing the load appears to suppre.s5 the corticofugal 
impulses which inhibit postural tonus. 


SU.MMARY .VXD COXCDUSIOXS 

Tlie influence of the regulation Arm 3 ' pack on the S 3 Tnmetr 3 ' and stabilit 3 ' 
of the stance and upon the magnitude of the gravitational stres.ses acting on the 
joints of the supporting limbs was investigated on five Army officers and two 
cadets of differing build, ranging wideb" in weight and stature. The evddence 
from 1750 center of gravity obsen’ations S3'nchronized with stance photographs 
substantiates the following conclusions: 

1. Postural sway is inseparable from the normal stance of young adult men 
in mifitar 3 ' training. 

2. The military stance reduces postural sway. 

3. Postural sway is suppre.ssed still further by the carr 3 'ing of a pack. , 

4. A too high placement of the pack tends to unstabifize the stance of tall men. 

5. Strain on the foot is greater when the pack is carried lower than regulations 
require since the center of gravity sirings to a position in front of the center 
of the base. 
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6. All stances, natural and military, loaded and without pack, are slightly 
eccentric, the vertical projection of the center of weight falling to the left of the 
geometric center of the total base and with the exception of the low packed 
stance slightl.y behind it. 

7. To counterbalance the pack, the body leans forward in lolo over the ankle 
joints witliout significant realignment of other segments. 

8. The compensatory adjustments to a load carried on the back are sufficiently 
good to enable the vertical projection of the center of gravity of the body as a 
whole to remain within ± 7 per cent of the geometric center of the base ir- 
respective of how the regulation Army pack is carried. 

9. The small man exhibits no disadvantages when cariying a pack which 
cannot be met adequately by automatic compensatory adjustments. 

10. Since the stance assumed with the pack in regulation position most nearl}’^ 
approximates military and natural standing in the mean position of the vertical 
projection of the center of weight as related to the margins of static security, it 
probablj’' represents the best autonomous compensation for the load. 
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Till-: IX'rKUACTlOX OF MVl-:iJXATFl) FlUFHH IX .MAMMALIAX 

XFRVF TRFXK.S 


Afrrr'Ro HohKNHi-tarnf 

I’nim the DrjmrUm'nt oj ]‘hii!<ifih)pn hi /hi narninl Mnh'ra! .Schoril 
Rcccivcfl for |Hihlic:iliun Ortoher 12, UMH 

1 wo y(>;nv ago Dr. Ih. voii Ilnicko rna<]<' tlio iiitort'stiiig sugcoslitm that 
llu! peritHls of ,<up(’rnonn:il and ‘subnormal oxcitabilify wfii<;l» follow the activity 
of n('rv(‘ tiher.^ might, be due toehemical, rather than toelectrical c*vent.<. Doctor 
Bruck<‘'.‘< untimely <leath pi'event<'<l our carrying out e.Kpenments we had planned 
in order to clear thi.'^ ]nf)blem. 'I'lie pre.-ent paper dpal.< with .‘•■ome of those 
(experiments. 'I he main inten'.'^l of the study wa.s shifted to the problem of the 
interact i(jn among the several axons of a nerv(> tnink. Other observations, 
tlKMofore, have Ix'cn added, concerned with this interaction. 

Mkthoi). (’ats were n.'^ed, anesthetized with dial (C'iba, 0.7 cc. per kgm. intni- 
peritoneally) or with nembutal (Abbott, 0.0 (■<;. per kgm. intrapentoneally), or 
else decciTbratcd under ether, with a .‘'•ufficient lap.se of time allowed for elimina- 
tion of the anesthetic. The nerve trunk .studied was the peroneal, either in .situ 
and circulated or else e.xciscd and placed in a moist air chamber. 

The diagram in figure 1 indicates the po.sition of the .several stimulating and 
recording electrodes, 'riu'.^e electrodes were chlorided .'^ilver needles. When the 
nerv(?s were in situ the sciatic was cut as far centrally as possible, above an arteiy 
which supjdio.s the neiwe in the region of the hip. The j)eroneaI nerve wa.s then 
separated from the jiojditeal and hamstring trunks down to the level of the small 
arteiy which regularly enteis the nerve below the trochanter. This part of the 
peroneal wa.s enclosed in a glass tube (Sherrington electrodes T 1 and 2 in the 
diagram). Although the longitudinal vessels of the sciatic were carefully pre- 
served along the jieroneal, this jiart of the nerve usually showed signs of deficient 
circulation, as will be explained later. The test electrodes T 3 and 4 were hooks, 
shielded by rubber, and were ajiplied to the peroneal and popliteal tnmk (below 
the hamstrings) at the U])])er part of the thigh, between two of the side arterie.s 
w))icl) join the nerve; this j>arl of the nerve always ])ad normal circulation. The 
recording electrodes R were of the Sherrington type. They were applied to the 
superficial branch of the peroneal. The circulation of this branch was always 
excellent. Finally, the cajnditioning electrodes C were applied to all the other 
branches of the peroneal, after peripheral cinshing or cutting. 

The nerve action potentials were photographed from a cathode-ray oscillo- 
graph. Two 5-stage amplifiers were used. One was capacit 3 '-coupIed, with a 
time constant of 0.5 or 0.05 .sec. It Avas emploj'ed exclusively for mea.suring 
spike amplitude. The other Avas direct-coupled, and Avas used for recording both 
spike and aftcrpotentials. The frequency characteristic of this amplifier is as 
follows: up to 2,000 cycles the output is linear; at 9,000 cycles the output is 50 
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percent of that for low frequencies. The drift of the amplifier is less than 5 /iv 
per min. With input electrodes both on live nerve the drift was usually less than 
10 fiv per min. Both these amplifiers were designed and built by Albert ]\I. Grass. 

The input to the amplifiers was on push-pull. The animal, or the excised 
nen^e, was grounded either through a diffuse indifferent lead or through one of 
the stimulating electrodes. 

Two stimulators were used, one for repetitive, the other for 2-shock excitation. 
Each permitted the accurate timing of the pulses in two independent outputs. 
In the repetitive stimulator, constructed b}’- A. INI. Grass, condenser discharges 
through a thju’atron overload a critical d.c. amplifier, with positive feed-back. 
The pulses become thus quite rectangular. The duration of these pulses is de- 
termined by the capaciti’- discharging through the th.yratron. The th 3 a-atrons 
for the two pulses are overbiased. Thej^ are tripped b.y a.c. from an oscillator. 
This a.c. is not delivered directly, however, but is passed through two capacitj'^- 
resistance bridges which change its phase independentb^ for each thyratron. 
Pairs of shocks can thus be obtained at an,y given frequencjq with the two pulses 
in the pair separated b}^ a continuous!}'' variable time interi'^al. 



Fig. 1. Diagram of the circulated peroneal nerve, cut centrally (left) and peripherally 
(right). The electrodes were used as follows: T, for testing; R, for recording; C, for 
conditioning. 

The two shock stimulator consisted of two thyratrons controlling condenser 
discharges. One of these thyratrons was tripped directly by a condenser pulse, 
the other only after a delay imposed by resistance and a shunt capacity. 

The duration of the rectangular pulses from the repetitive stimulator was usu- 
ally 0.1 msec. The time constant of the condenser discharges in the 2-shock 
stimulator was about 0.08 msec. The pulses were often not delivered directly 
to the nerves, but passed through a transformer in order to render them diphasic 
and to avoid the ground connections of the stimulators. 

The injections of drugs were made into the aorta, just below the inlerior mesen- 
teric artery. Since the leg was routinely fixed by clamping two drills inserted 
into the femur, movements of the animal did not change the contacts of the 
stimulating and recording electrodes. 

Results. A. The changes of eleclrical excitability of axons determined by the 
yassage of nerve impulses in adjacent fibers. These changes were explored by 
stimulating first the fibers in one of the branches of the nerve (conditioning stim- 
uli, electrodes C in fig. 1) and then testing the excitability of the fibers in the 
recording branch (electrodes R, fig. 1) by. means of submaximal stimuli applied 
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aftor a varia1)li‘ jjjiK* infarval fo ihf fnink iium^ r(‘njnilh' /{csf claef rwlo.' 

T I 1(1 .{). 'I'lu* indicalor (if (licclia!ifr(*.> of cxf’ifahilily was the anifilitudr; of the 
conditioned spike pot<‘ntials. If fjics<* increa.'>(‘d a larjtcr nnnibei' of fil><‘t>‘ v,a.s 
a(r}ival(‘d by lh(* test shocks. Since the shocks were of c((nstanf chaniclerisfics 
an inciease of response thus indicated that the t(‘>t stinnili had beconw liminal 
for libers for which tiiey had becai subliminal without conditioning, hence, that 
thf* nerve was more excitable. ( Vnnansely , a dr'creased response indicated de- 
creased excit ability. 



2, (ainriKC.s of cxcit.'itiili)}’ of axons (icicrniirKst tiy (ktcc irn|>nl.sf’S in adjacent axons. 
Satimaxiniai (sni.stant tc.st Hlio(;ks applied eontitmoiisly to clectrodeR 7'i and Ti (cathode; 
see fig. t ) witli a frefpu'ncy of 20 per s(*c. (’onditioning inaxiniai shock.s applied intermit- 
tently to electrode C (fig. 1) with t!ie .«nnie fre(iueney and varialde liming with respect to 
(he test siiocks. .Monopliasic record.s from elcctrode.s /(. Eacli picture corresponds to G 
to 8 responses. 

A. Control resjionsc without conditiuniiig. 

B to G. He.spoiisc.s with conditioning at incnrn.sing intervals, as shown by the position 
of the conditioning stimulus artifact. 

II, Unconditioned control rc.spon.'-c at end of .scries. 

I. Response recorded from the test electrodes (7'i 7’j)to stimulation by the conditioning 
shocks, 

J. 1 ,000 cycles. 

The UHiKil procedure wa.s to adju.st the inten.sity of the unconditioned tc.st 
.shocks so that tlioy yielded a respon.se with an amplitude of 20 to 40 per cent of 
the maximal A .spike, rhttlographs were tlien taken of tlicse responses and of 
those which obtained when conditioning stimuli wore delivered at various times 
before the test sliocks. Conditioned and unconditioned responses were regii- 
larb' alternated. The inteiwal between the stimuli was first progi-essively in- 
creased and then decreased, or vice versa. Since the phase shifters of the repeti- 
tive stimulator had a potentiometric control of resistance, a continuous variation 
of the shock interval could be obtained by merely turning a knob. The inten’als 
which led to significant changes of excitability could thus be readily identified. 
In figure 2 are reproduced tj'pical records of conditioned and unconditioned re- 
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sponses with test and conditioning stimuli at a frequencj^ of 20 per sec. The 
film was exposed about 0.3 sec. Each picture corresponds therefore to about 
7 superimposed responses. The accurac 3 ’^ of this superposition bears witness to 
the regularity of the responses. Such regularity was the rule. 

After a series of observations had been photographed (fig. 2, A to H), the 
responses to the conditioning stimuli were recorded with the same sweep velocity 
from the previous test cathode to the test electrode T 1 (fig. 2 I). This record 
showed the precise time of arrival of the conditioning impulses to the region of 
the nerve where the changes of excitability were tested. All the records were 
later measured bj" projection through a photographic enlarger and curves such 



Fig. 3. Changes of excitability of axons during and after the passage of nerve impulses 
in adjacent fibers. Submaximal test shocks applied continuously at the rate of 40 per sec. 
Conditioning shocks applied with the same frequenc}', but timed at various intervals before 
or after the corresponding test shocks. Ordinates; amplitude of the responses to the test 
shocks in conventional units; the horizontal line indicates the amplitude of the uncondi- 
tioned responses. Abscissae: time; the scale corresponds to 0.5 msec, intervals. The 
abscissae of the different points indicate the time of application of the corresponding test 
shocks with respect to the arrival of the conditioning nerve volleys to the test cathode. 
The lower tracing shows the spike potential of a conditioning volley recorded from the test 
electrodes. 

The test cathodes were 6 and 20 mm. awaj^ from the crushed central end of the nerves in 
A and B, respectively. 


as those in figures 3 and 4 were drawn, correlating the changes of excitability with 
the arrival of the conditioning impulses at the test cathode. 

As will be described below, the results varied with the experimental conditions. 
This variability, however, was not so great as to eliminate the recognition of 
certain regular features illustrated in figure 3. An increase of excitability pre- 
cedes the arrival of the nerve impulses at the test cathode. The rising phase 
of the conditioning spike potential is attended bj’’ a decrease and the falling phase 
b}'^ an increased excitability of adjacent axons, so that the curve inflects suddenl}’^ 
at about the crest of the spike potential. These changes are followed bj’- a later 
fall and a still more dela.yed increa.se of excitability, which occur after the spike 
has subsided, in the course of the after-potential sequence. 

A significant factor which modified the curves of figure 3 was the position of 
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the cnfhoflo on I Ik* jkm-vo — i.n., the region of the nerve where* the clu 
of exeitnhility svere ('xplored. In general, if tliat region was near (O.o to I 
the (hunnged (central end of tlie nerve the e-rests of inereased exeitabilifv 


ing(fs 

em.) 

were 


proinin<>nt and the troughs of d<*ere:ised e>;eital)ilil y were sliglit (fig. 3 .\) oi, 
exeeptionsilly, al>sent. Conversely, wlien the region testcal was far (2 to 5 cm.) 
from the central crushed end, ant! hence more normal, the crests were nsuallv 


slight, or e.xcepi tonally absent, while the troughs were usually prominent (fig. 3 B). 

The fretjuency of stimulation, that is, the number of tests made per tmit time, 
influenced only slightly and irregularly the eurves of figure S, within the range 
studi(‘d (from 1 per d sec. to (1(1 per see.). In general, however, the first rise r)f 



Fig. 4. The absence of elTects of cathodal or anodal polarization of the tested region of 
the nerve on the changes of oxcUability caused by conditioning volleys. The curve in the 
graph corresponds to observations similar to those described in figure 3. Tiio crosses meas- 
ure the changes of excitability before the application of direct current. A shows the in- 
crease of responses when cathodal imlarization was started. The circles in the graph 
correspond to this condition. At B the d.c. w.ns discontinued; the drop of re.sponsc shows 
tliat the nerve was elTcctivcly polarized throughout the period. At C anodal polarization 
was started after readjustment of the intensitj' of the test shocks. The dots in the graph 
correspond to this condition. .\t D the d.c. was broken ; the rise of response indicates cffcc- 
tivc polarization during the period of observation. 

excitability, which precede.s the arrival of the conditioning nerve impulse at the 
tested region, was more prominent with frequencie.s of ,30 to GO per sec. than it 
was with slower rates of testing. 

The results were similar in the nerves in anesthetized cats to those obtained 
in the decerebrate animals. They were only slightly and irregularly different 
when circulated ner\*es in situ were compared with excised tmnks. 

The polarity of the test shocks had no significant influence on the results. 
Thus, similar changes of excitabilit}" were obseiwed when the cathode of the test 
stimuli was at electrode 7’ 3 of the diagi-am in figure 1 while the anode was at 
T 2 or T 4. 
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The influence of cathodal and anodal polarization of the region of the nerve 
tested was studied as follows. Fii-st, measurements such as those illustrated in 
figure 2 Avere made Avith a given position of the test electrodes (e.g., cathode T 3, 
anode T 4, fig. 1). Then direct current (d.c.) Avas applied so that the test cathode 
Avas either the cathode (e.g. cathode T S, anode T 2) or the anode (anode T S, 
cathode T 2). The current Avas slightly above or beloAV threshold, so that the 
test pulses noAV yielded larger or smaller responses, depending on AAdiether catho- 
dal or anodal polarization Avas applied. The test stimuli Avere then adjusted to 
give responses approximately equal to those used in the first series and a neAv 
set of obsei'Amtions of unconditioned and conditioned responses Avas made Avhile 
the d.c. was floAving continuously. Then the current Avas discontinued, Avhere- 
upon the amplitude of the test responses changed in the reverse direction to that 
Avhich had occurred Avhen the d.c. Avas first applied, thus shoAAdng that the 
polarization had been effective throughout the period of observation. 

In figure 4 is illustrated a typical experiment. The crosses in the graph rep- 
resent the control obserA'ations. Cathodal polarization Avas then started as 
shoAvn by the change of responses in A. The obseiwations corresponding to the 
circles AA'ere then made and the d.c. aa'rs discontinued (B). The d.c. Avas then 
reapplied Avith the polarity reversed (C). The pictures corresponding to the dots 
in the graph AA'ere taken and the d.c. aa-rs again discontinued (D). It is clear 
that neither cathodal nor anodal polarization Avith ciu-rents of about threshold 
strength cause any significant change of tlie cui’ve depicting the variation of 
excitability. AVith strong currents (2 to 4 times rheobase) the curves Avere flat, 
that is, the changes of excitability AA’ere minimized, especially Avhen the polariza- 
tion Avas anodal. 

B. Interaction of nerve fibers after injections of veratrine. All these e.xperiments 
AA'ere carried out in anesthetized cats, because it Avas found that the decerebrate 
animals could not survh'^e injections of eA'^en small doses (0.5 to 1 mgm. per kgm.) 
of veratrine. Death Avas due to circulatory failure, for it Avas not preA'^ented 
by artificial respiration. AVitli doses of A’^eratrine smaller than the lethal amount 
the motor acthuty of the cats aa’rs extreme and the effects described beloAv did 
not appear. 

In a series of obserAmtions submaximal shocks AA'ere applied at frequencies of 
1 to 100 per sec. to tAvo of the test electrodes T (fig. 1). Single maximal condi- 
tioning shocks Avere then deliA’^ered in the course of the test train to electrodes C 
i.e., to nei’A’^e fibers AA'hich did not contribute to the record (electrodes R). AAflien 
this procedure Avas folloAved Avithout A'^erati'ine only a fcAV (0 to 3) test responses 
Avere modified, as the cuiwes in figures 3 and 4 Avould suggest. 

After injections of A’^eratrine (0.5 to 4 mgm. per kgm., intra-arterially) the 
results Avere different. As shoAAm by Gasser (1938), veratrine promotes the 
appearance of recruitment of nei’A'^e fibers during repetitive stimulation — i.e., 
each successiA'^e shock in a repetitiA^'e train tends to elicit a greater response than 
the preceding one. The intensity of the shocks may be adjusted, hoAveA’er, for 
anj”^ frequency, so that after a Amriable period (e.g., from 1 sec. to 3 min.), AA’hich 
depends on the dose of A'^eratrine and on the frequency of stimulation, recruitment 
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stops, or h(!('omos very fxradtml, wiiilo tlu? test responses are well siihmnximal. If 
a single eojulilioning shock was delivcnerl af<<-r this eqniiiljrinm of the test 
responses imd been attained, after a Jjrief (hday fO.O') to 0.5 sec.) the re.‘--{)onses 
increased prf>gre.ssively and inarkwlly, so that they craild grow from barely 
liniina! to practically maximal. Figure 5 illustrates a typical obsen'ation. 
With relatively .small doses of veratrine and relatively low frcfjuencics of stimtila- 
tion (see below) this increase was reversible, i.c., within a few .seconds or minute.s 
the re-spon.-^es gradually .■subsided to their original level (fig. 5A). If the dfrse of 
veratrine and the frecpiemw of the test shocks were relatively high the increment 
of the respon.se.s did not subside as long (up to 5 nun.) as the test shocks were not 
intermpted. A ijrief interruption (0.5 to 2 sec.) led back to the initial conditions. 

The term “relative dose” of veratrine was us'cd above, because, as pointed out 
by Acheson and Kosenblueth (1041), the amounts of the dnig wliich elicit any 
of the several effects if exerts var>- considerably from cat to cat. For the ap- 
pearance of the present ])henomenon relatively large dosc.s had to be employed. 
.'\fter injections .sufficient to elicit marked repetition of the nerve impulsc.s in 
res))onse to .single shocks :uul a marked increa.se of the negative afterjjotential, 
the phenomenon could be entirely absent. 'Die usual procedure was to inject an 
amount .sufficient to {)roduce a brief period {1 to 10 min.) of total block of the 
nerv'C-s. After recovery the efTect (amid be .studied for hours. 

That the phenomenon was not correlated with the jire.sence of a largo negative 
afterpotential wa.s shown by its absence in the conditions cited above. Further- 
more, in several experiments in which the observations were carried out for G to 
9 hours after a single sufficient injection of veratrine, the negative afterpotential 
decreased with time, so that it was only slightly greater than normal, while the 
increase of excitability after single conditioning of adjacent fibers was still 
prominent. 

Two correlations were found between this plienomenon and other effects of 
veratrine on nerve. The first was positive: the phenomenon never appeared 
unless there was good rccniitment; and convei-scly, if there was marked recruit- 
ment the increase with conditioning was present. The other was negative: 
whenever there was a marked drop of spike potential amplitude with repetitive 
stimulation (.see Aclieson and Rosenblueth, 1941), the phenomenon was minimal 
or absent. Indeed, the few (4) experiments performed under nembutal anes- 
thesia were quite unsatisfactory — under nembutal the decrease of spike ampli- 
tude was found much more striking than under dial. 

For a given degree of veratrinization reemitment is more prominent with high 
tlian with low rates of stimulation (see Ga.sser, 1938), within a certain range which 
depends on the dose of dnig. The terms relatively low or high frequenc.v were 
used to indicate rates which allowed a slight or a prominent recruitment, respec- 
tively. 

The phenomenon of figure 5 did not take place unless the injected veratrine 
had reached the region of the nerve tested by the continuous submaximal shocks. 
Thus, in some experiments the increase after conditioning was striking wiien the 
test cathode was T 3 or T 4 (fig. 1), but it did not occur if the test cathode was 
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T 2. In those cases, the records from stimulation at T ^ showed the signs of 
veratrinization of the recording region — e.g., there Avas a large negatiA^e after- 
potential — but stimulation of T 2 did not lead to any appreciable recruitment. 
Obviousl 3 " the blood supp^-' had been impaired at T 2. 

The results of repeating the conditioning stimuli during a continuous train of 
test shocks AA'ere as folloAA's. In a series of experiments repeated conditioning 
vollej's (several sIoav shocks, or brief trains of pulses at about 6 per sec.) AA’ere 
applied Avithout accurate timing Avith respect to the test stimuli. Several rapid 
conditioning shocks did not cause in general am’^ longer lasting or greater incre- 
ment of the test responses than did a single shock. When a first effectWe condi- 
tioning stimulus Avas folloAved 5 to 30 sec. later bj’^ one or more additional shocks, 
the latter had usualh' no increasing effects, even if the increment occasioned b}" 
the first conditioning shock had largeh’^ or entirelj*^ subsided. Full reduplication 
of the first effect Avas obtained onlj’^ if further conditioning Avas applied at least 


A 



C D 


1 — I 

Fig. 6. Increase of submaximal test responses AA’hen conditioned by single stimulation of 
adjacent axons, after veratrine. Records and stimuli as in figure 2. Veratrine (1 mgm. 
per kgm.) injected 3 hours previously. The test stimuli Avere applied, AA'ith the frequency 
corresponding to each record, for several minutes, until equilibrium was attained. The 
stimulus artifacts Avere small and do not appear on the records. At arroAA’s a single maximal 
shock Avas delivered to the conditioning electrodes, A to D, increasing frequencies of test 
stimulation. Time calibration; 1 sec. 

about 1 minute later. In favorable preparations successiA''e shocks at a relatiA^el}'' 
sloAv rate (about 2 to 4 per min.) could prolong, hoAveA'^er, the increasing effects 
obtained from a single conditioning pulse. 

In another series of experiments the conditioning stimuli AA^ere applied at the 
same frequency as that of the test shocks and the time betAveen each tAVO pulses 
AA^as varied. Within a certain range of shock internals the conditioning stimuli 
could be applied Avithout any increase of the test responses as long as the condi- 
tioning train Avas sustained. Thus, if a series of test stimuli Avas initiated, and 
after equilibrium conditioning shocks AA^ere started preceeding each test stimulus 
bj'^ about 2.5 msec., the test responses AA'ere not modified. Tliis stable situation 
could be maintained for seA'^eral minutes, if none of the conditions AA^ere varied. 
If the conditioning train Avas stopped, hoAAwer, the test responses promptlj’- 
increased (fig. 6A), reversiblj'^ or iriwersiblj’", as explained before for single shock 
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If the (imp intervals inentionod siljovc an' referred to the time of arrival of the 
conditioning nerve volleys to the testefl region, then the results may he restated 
as follows. As long as t he test .stimuli were applied during the period correspond- 
ing to the falling phase of the <'onditioning spike.s or shortly thereafter, the 
increment of excitability elicited by the conditioning volleys was held in abey- 
ance. As soon as any test .shocks were aiJjdied outside this period -either by 
interrupting the conditioning stimuli or by displacing them in time- -the incre- 
ment apjtearcd. 
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Fig. G. Tlu; pliononienun of figure hut witii repetitive conditioning .stimuli of the same 
frequency .as tliat of the test stimuli. 

In A the test shocks wore first started and delivered until equilibrium. Conditioning 
shocks preceding the test stimuli by 2.5 mi-ec. were then applied. The re.sponses were not 
modified. The record begins at this stage and shows the increase of rc.«ponses which oc- 
curred when, at the .arrow, the conditioning shocks were interrupted. 

In B the initial steps were as in A. The record begins with both stimuli separated by an 
interval of 2.5 m.sec., as before. ,\t the arrow, without stopiiing the conditioning train the 
timing between the pairs of stimuli wa.s changed so that the conditioning preceded the test 
shock by 15 msec. 


The rc.sults .sugge.sted, therefore, that after veratrine the conditioning volley.s 
have an enhancing inflnence upon the electrical excitability of neighboring axon.s, 
but that they also exert a depre.ssing influence during a period which correspond.s 
approximately to the .stage of decline of the spike potential. This suggestion was 
tested by means of timed 2-shock obsen-ations and was confirmed. 

C. AceAylchoHnc, Adrenaline and K Cl. The effects of intra-arterial injections 
of these sub.stances were studied in the course of trains of submaximal te.st re- 
sponses obtained from stimulation of electrodes T 3 and T Jt (fig. 1). Adrenaline 
(up to 50 7) had no action on the electrical excitability of the nerves, whether 
injected before or after veratrine. Acetylcholine (up to 50 7) had likewi.se no 
effects, even when it was tried after an injection of prostigmin (0.5 mgm. intra- 
venou.sl3’)- 
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Injections of K Cl, on the other hand, resulted in transient (0.5 to 5 min.) 
increases of the test responses. The effects were sensitized by veratrine. Tlius, 
in a typical observation 10 mgm. of K Cl had no results while 25 mgm. caused 
a moderate, brief (about 30 sec.) increase of the responses. After veratrine (0.5 
mgm. per kgm.) a marked, prolonged increment took place with 5 mgm. of K Cl, 
and even 2.5 mgm. caused clear effects. The records were quite similar to those 
in figure 5. 

Discussion. A. The onlj^ step of the experimental procedure which needs a 
comment is the use of the spike amplitude as an index of changes of electrical 
excitability. The statistical distribution of the thresholds of A fibers in mam- 
malian nerves is skewed. l^Oien the spike amplitude is plotted against the 
intensity of shock an asymmetric S shaped curve is obtained (see Rosenblueth 
and Rioeh, 1933). Within the range of spike amplitudes used in these observa- 
tions, however, this curve is fairly linear. It ma^^ be concluded, therefore, that 
the changes of spike amplitude within that range are approximately proportional 
to the changes of threshold. Onij’’ few measurements were made of the actual 
thresholds. It was found that doubling or halving of the spike amplitude de- 
noted a change of about ±10 percent of the thre.shold of a given number of nerve 
fibers. 

B. Experiments similar to those illustrated in figures 2 and 3 have been made 
bj’’ Blair and Erlanger (1940) and by Renshaw and Therman (1941). These 
authors studied only the changes of excitability which took place in fibers during 
the time of development of the spike potential in adjacent fibei’s. They report 
that in a normal region of the nerve (away from a damaged part) the excitability 
decreases during the period of development of the spike, while in regions close to 
a damaged part the excitability increases at that time. 

Blair and Erlanger suggest that the increase of excitability is due to the 
stimulating action of the spike and the decrease is caused b}' shunting of the test 
stimuli due to the decrease of electrical impedance of the active fibers which 
attends the pa.ssage of a nerve impulse (Cole and Curtis, 1939). Both these op- 
posing factors would be at play in any part of the nerves tested, but one or (he 
other would preponderate at any region, depending upon the local conditions. 
The regions close to an injur}'’ would show the increase rather than the decrease 
of excitability because they would be constantly and effectively in a condition 
equivalent to a cathodal polarization, as a consequence of the demarcation 
potential. 

The present data agree with those cited in that the results differ in regions near 
an injury from those found in parts distant from the injury. The observations 
of Blair and Erlanger are also confirmed, that the changes are exclusively deter- 
mined by the position of the test cathode and are independent of the polarity of 
the test stimuli (see p. 660). The present data indicate, however, that the 
changes of e.xcitability of inactive fibeis detei-mined by the passage of a ner\-e 
impulse in neighboring elements are more complex than implied by the simpli- 
fied description of the previous studies, and that they may not be directly or 
simply correlated with the development of the spike potential. 
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cxi)l:in:itoiy of IMuir smd iCrlanpcr arc not suj)i)ortcfi by tlic 

(lata. It is not. likely tlmt the .«lnin(inp effect of active eleinenf.s is higtiificant. in 
the exj)eriinent.'^, as ff)llo\v.s. hirst, in inj instance in tliese or j>rc\*ious observa- 
tions was there a decreiu^e of excitability with the time conm/- docribed by Cole 
and Curtis (1031)) for tlie ehantie of im|K'danee. Second, this shunting effect can 
(mly he minimal when, as was ofteti done here (se(; Method), the te-1 elecO rode.s 
ineluded a !arg(‘ proportion of shunting tnuajiiditioiK'd eienumts (the i)opliteaI 
nerve). Since there was a low resistance shunt at all times it is unlikely that a 
slight further shunt .should have any significant influence, 

1 he statom(‘nt that tlie sjhke potential may e.xcitc* neighlroring fihers refjuires 
expansion and elarification. 'i‘h(? effective electrical fitdd might he (he localized 
one corrf?sj)omling to the dcwelojnncnt of the spike potential at the region of the 
conditioning fillers in (he immediate vicinity of the test cathode. One would 
then expect a ehanf^o of exeifability of the surrounding elements nhich would 
have the time emirse of the sjiike. This expectation is not siij)poi-ted by the 
data, s:ine(! there may lie a reversal of the e.Kcitability fdmnge in the course of (he 
spike (fig. 3). On the othcT liand the effective field could ho modified by the 
travel of (he conditioning impulse.s to and beyond the tc.sted region, and hence 
the field would he variable not only in time, but also in spatial distribution. This 
field will exhibit (wo reversals. Just before the jirojiagatcd wave rcache.s an 
ab.siractcd point under consid(!ration, (liat segment will lie relatively electro- 
positive witli ro.siioct to the then active .stretch. The point will next he electro- 
negative with respect to the re.st of the nerve, when the wave has reached it. 
It. will later again be relatively positive witli ros])cct to more distant reginn.s, 
when the wave ha.s travelled further. The experimental rc.sults .support the 
view that the electrical fields set. uj) during tlie activity of a given point in a given 
fiber influence the excitability at (he corresponding points of adjacent elements, 
since the curves in figure 3 show inflections precisely at the time when the field 
varies. A corollaiy of this argument is that relative electropositivity of the 
conditioning fibers at the segment tested enhances the excitability of the adjacent 
elements, while electronegativity deprc-sscs this excitability. Since the inter- 
action between fibers is independent of the polarity of the test shocks (i.e., 
a.scending or descending test pulses), it may be inferred that the longitudinal 
component of the lilectrical fields under con.sicleration is negligible and that the 
tran.sverse or perpendicular components are the only effective influence. 

The suggestion of Illair and Erlanger (1940), that the difference between parts 
of the nerve near to and those far from an injuiy is due to a cathodal polarization 
determined by the demarcation potential, is not supported by the obseiwations 
illu-strated in figure 4. Neither cathodal nor anodal polarization of a region far 
from an injuiy leads to any important change of the results. If the demarcation 
potential is dismissed as a significant factor the peculiar effects encountered near 
an injured part may be attributed to the relatively small amplitude of the spike 
potential and to the atypical distribution of the corresponding fields. 

C. The discussion has dealt so far only with the early changes of excitability, 
which occur during the development of the conditioning spike potential. The 
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curves in figures 3 and 4, however, show that there are marked later changes, 
first a depression and then an increase of excitability, which long outlast the spike 
process. This sequence might suggest that the decrease could correspond to the 
negative, and the increase to the positive afterpotential, respectively. This sug- 
gestion is not favored by the following considerations. 

The amjilitude of the afterpotentials in normal, unpoisoned nerve is very slight, 
conijiared to that of the spike potential. The electrical influence on neighboring 
fibei-s should be correspondingly negligible. Yet the late changes of excitability 
may be quite as striking as those which occur during the development of the 
spike. Furthermore, after veratrinization the late changes of excitability are 
not con-elated with the prominent negative aftei-potential (see p. 662). 

If a direct electrical influence is dismis.sed, an alternative explanation for the 
late changes of excitability is the diffusion of chemical substances from or into 
the active fibers, and the consequent alteration of the -sin-roundings of the same 
and of other inactive fibei-s. This alternative hypothesis does not preclude the 
possibility that the chemical changes in question ma}’^ alter the electrical equilib- 
rium of the conditioned elements. 

In 1886 Wedensky reported that a single maximal stimulus to a pair of elec- 
trodes on a motor nerve could result in a tetanic muscular response if subliminal 
repetitive stimuli were simultaneously applied to another pair of electrodes on 
the nerve. He called this phenomenon “the tetanized twitch”. Samojloff 
(1930) attributed the tetanic response to a repetitive dischai-ge at the neuro- 
muscular junction. Later Kisseleff (1934) showed, in agreement with Weden- 
sky’s oi-iginal interpretation, that the source of repetition was the test stimuli, 
subliminal unless conditioned. Kisseleff attributed the phenomenon to super- 
normal excitability attending the aftei'-potential of the conditioning volley. 

Excepting for the inclusion of the tested fibers in the conditioning volley, 
Wedensky’s phenomenon in unpoisoned frog’s nerves is similar to that illustrated 
in figures 5 and 6 after ■v’^eratrinization. The belated, slow, reversible increment 
of the test resjionses, elicited b.y a nerve imlley oi’^er the conditioning fibers in 
figure 5, is readily accounted for by the assumption that this nerve vollej^ releases 
a chemical agent which diffuses around the tested elements and modifies their 
excitability. 

The fact that a second conditioning -stimulus, applied about 30 sec. after an 
initial effective one, had only minor or no enhancing effects, ei’^en when those 
from the fir-st stimulus had subsided (p. 663), is opposed to the concept of an 
electrical interaction, since the electrical response to the second shock is similar 
to that to the first in those conditions. According to the chemical interpretation 
this fact implies that the amount of chemical agent mobilized by a nen'^e impulse 
decreases considerabljr for successive impulses, unless the}^ are separated 
intervals of about 1 min. 

The experiments illustrated in figure 6 ma}'' then be explained as follows. The 
conditioning impulses, particularlj'^ the first one, liberated a chemical agent 
which tended to increase the electrical excitability of the test fibers. If the test 
shocks were falling at a time when the conditioning volleys were depre-ssing 
the excitability of the test fibers bj’’ some other mechanism, then the enhancing 
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clYocts (»f the chemical a^cnt were iuMttralize<l or ov(‘rcomf!. Ah HO(aj as the tcf-t 
shocks fell ou1si(i(' a depressed period, {•ither Ix'catisr- fhe coiidifioninK %v>lleys 
were stoi)pefl, or because <h«‘ir timinp; with respect to the test shocks v.as altered, 
(lien the increasinf^ action of (he chemical atient rev(‘aled itself by a prompt 
rise of response. 

It .should be pointcfl out that the incn*ment.s of t<‘s( re.sponses in fig;ure,s 5 <nid 
(), although determined by impul.ses in the conditioniti?: libers, are jiroliably not 
due e.vclusively to the influence of those* conditioning: libers, but are reinforced 
by events in the additional test libers recniiteil during the increment. Thus if an 
iminilse in a previously inactive conditioning fiber can influence the adjacent 
lest elements, the impulses in the previously inactive test fibers which are re- 
vealed by (he increment of test responses .''hoiild also e.verl an influence on the 
remaining inactive elements. 

The «]uestion arises why, in appropriate ex|)erimental eondi(inn.s, the fe.^t 
re.sponses do not always rem.ain large (p. (102) after they have increased, unless 
the test stimuli are stojijied for a time suflieient for the dissipation of the re.'pon- 
sible chemical agi'iit. 'Phis question is readily jinswenal by the previous in- 
ference that the amounts of chemi<;al agent n‘l(!ascd by succe.ssivc nerve impulses 
decrease considerably. The maximal height reachcfl at the peak of the increment 
(lejiend.s on the concentration of the agent. attained by the combined contribution 
of the conditioning fibers and of the recruited test elemcnt.s. Indeed, it i.s obvious 
that only some of the conditioning fibers ivere previously inactive, for the test 
electrodes were in contact with (hem, as well as with the recording axon.s, and 
were activating a certain fraction of both throughout, the observations. After 
the peak concentration has been obtained further contributions by the succe.s.sive 
tc.st impulses are small and the rate of jiroduction can thus be lc.s.s than the rate 
of dissipation, although the rate of production was greater during the period of 
increment. 

Stimulation of ncrve.s lead.s to the liberation of K ions (sec for references Fenn, 
1940), and of acetylcholine or adrenaline (.sec Lis.sak, 1939). These .substance.s 
were tc.slcd, therefore, a.s reporied in .section C (p. GG4). Acetylcholine and 
adrenaline de.servc no comment, since they had no ap])reciable effects. Injec- 
tions of K Cl, on the other hand, reproduced satisfactorily the effects obserA'ed 
from nerve volley.s over conditioning fibens. In addition, the action of K ions 
was .sen.sitizod by veratrine (jn GG5), much as the action of conditioning impulses 
(p. GGl). The sensitization by veratrine of the effects of K Cl on ner\’e is in 
harmony with the observations of Bacq (1939), who found a similar increase by 
veratrine of the action of K ions on striated muscle. 

It may be inferred tentatively, therefore, that the liberation of K ions is a 
mechanism by which myelinated fibers in nerx'e tiainks may interact chemically. 
The mode of action of this i^otassium shift and the possibility of other chemical 
influences require further experiments for elucidation. 

D. In 1882 Hering reported that activity of some axons could excite neigh- 
boring fibem at an injured region in a nerve trunk. This obsen'ation wa.s con- 
firmed by Ilen.shaw and Thennan (194:1). In their experiments the initiation of 
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the impulses in the recording fillers took place 0.1 to 0.3 msec, after the arrival 
of the initial impulses to the injured region. Activity of some axons may also 
initiate nerve impulses in adjacent fibers at regions distant from an injur}’-, but 
whose excitability is increased b}"- applications of d.c. of appropriate polarity and 
intensity (Rosenblueth, 1941). The latency for the appearance of the secondaiy 
after the arrival of the primary nerve impulses to the hyperexcitable region is 
from 1 to 2.5 msec. 

The discrepancy of latencies suggests that the mechanism of the Hering 
phenomenon differs from that responsible for my observations — ^i.e., that the 
two phenomena are different. In Hering’s experiments stimulation occurred 
shortly after the peak of the initiating spike. The enhancement of excitabilit}’- 
in adjacent axons which occurs at that time (fig. 3) is particularly prominent near 
an injured segment (p. 660). According to the explanation of interaction 
adopted above (p. 666) the secondary nerve impulses were initiated electrically. 
In my observations (1941) stimulation probably occurred during the late rise 
of excitability illustrated in figure 3. Far from an injury the earlier periods of 
enhancement are only slight (p. 660) and neither cathodal nor anodal polarization 
modifies interaction (fig. 4). The mechanism of activation was probably chemi- 
cal instead of electrical. 

The data reveal that a nerve trunk is not an aggregate of entirely independent 
units but that it constitutes a loosely coupled system. Activity of some ele- 
ments influences the properties of the adjacent units. Since interaction has 
been shown so far to modif}’^ onl}’- excitability, that is, the initiation of nerve, 
impulses, and since in “physiological” conditions nerve impulses are not initiated 
along axons, but only at neuron terminals, it is unlikel}’- that interaction is of 
importance in these “physiological” conditions. It is of importance, however, 
for the understanding of the properties of axons and of the mechanism of conduc- 
tion of nerve impulses — i.e., of the physiology of axons. 

SUMMARY 

In cats, decerebrated or anesthetized with dial or nembutal, the changes of 
electrical excitability in some axons (stimulating electrodes T, recording elec- 
trodes R\ fig. 1) were studied during and after the passage of nerve impulses in 
other axons of the peroneal nerve (conditioning electrodes C, fig. 1). Changes 
of excitability at the tested region occurred before, during, and after the arrival 
of the conditioning volleys (figs. 2 and 3). These changes were not modified 
by anodal or cathodal polarization of the stimulated tested region (fig. 4). After 
injections of veratrine, single (fig. 5) or repetitive (fig. 6) conditioning vollej's 
caused a prolonged, usually reversible, increase of the test responses. Injections 
of KCl, but not of adrenaline or acetylcholine, duplicated the effects of condi- 
tioning volleys after veratrine (p. 664). 

In the discussion, the results are compared with previous observations on 
interaction of axons (p. 665). It is inferred that a conditioning volley affects 
neighboring axons both electrically (early changes, p. 666) and chemicalh^ (late 
changes, p. 667). It is suggested that K ions might be one of the chemical agents 
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involved {p, (508). K is pointed out th;d stinnil/dion of n.vons In' impulses- in 
ndjiieent. fibers inny be enused by elect rienl imuL'ttion (fleriiif: plienomenon) or 
else by a ebeniieal activation (Hosenbluetb, I0J1 ; p. (509). 
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There is general agreement regarding the increased acti\at 3 ^ of the thjn'oid in 
animals exposed to cold, and the reduced acthdty of this gland in animals ex- 
posed to heat. According to results obtained by an indu-ect method, the release 
of thj’TOxine from the thjuoid is augmented in the cold and decreased in the heat 
(1) . In the present work, the activity of the gland in animals exposed to extreme 
temperatures was estimated with the help of radioactive iodine. 

Methods. The radio-iodine used contained mostty the isotope I^^- vdth a 
half-life of 8 da^’^s, and was prepared as sodium iodide with some inactive iodide 
added as carrier. It was decided to use a carrier since the uptake of carrier- 
free iodine by the thju’oid varies with the level of inorganic iodine in the blood at 
the time of injection, and is therefore not strictly indicative of the activitj’- of the 
gland. The amount of iodine to be added as carrier should be so great that, when 
distributed through the bod}’' fluids, the previous inorganic iodine blood level 
becomes negligible. On the other hand, the magnitude of the dose should not be 
such as to affect markedly the physiological metabolism of iodine, in order that 
the radio-iodine may retain its r61e as an indicator. Since it did not appear 
possible to find a dose which would satisfy these two requirements, it was decided 
to use both a small (0.2 microgram) and a large (5 microgram) dose of radio- 
iodine per rat. The small dose should have a physiological behaviour. The 
large dose should overcome completely the variations in the blood iodine level, so 
that the uptake by the th^uoid would be influenced only by the activity of the 
gland at the time of injection. 

In a preliminary experiment, 7 groups of 5 male rats each weighing from 100 to 
130 gi-ams were kept either in a cold room at 4°C. or in an oven at 31°C.,the con- 
trols being at a temperature wliich varied from 22° to 26°C. The animals were 
sacrificed 18 hours after an intraperitoneal injection of 0.2 microgram of labeled 
iodine. The thyroids were left for several days in a 1 N NaOH solution, in which 
the radioactivity was estimated directly (table 1). 

In the main series of experiments, male rats of 150 to 200 grams were kept either 
in a cold room Avith the temperature var 3 dng from 0° to 2°C. or in a ventilated 
oven at 32° to 34°C. The temperature of the room in Avhich the controls Avere 
kept varied from 19° to 25°C. A dose of 5 micrograms of radio-iodine AA’as in- 
- jected by the intraperitoneal route. Some of the animals were sacrified two or in 
a few cases, one and a half hours after the injection; all, hoAA'-cA’er, being referred to 
below as the 2-hour group. Another group of animals AA'as sacrified 30 hours 
after the injection. The separation of the iodine fractions was carried out ac- 
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conlinsi Id (lie gem-ral principles of tlie rnicro-rnctliod doscril.)cd by Foster (2), all 
the operations being j)erfonned in a 15 ec. Pyrex centrifuge IuIk;. Tlie fresh 
thyroids were finely ground in about 200 ingm, of sand with t he lielp of a beaded 
stirring rod. The inorganic iodine was extracted acconling to tlie method of 
Gutman and colleagues (3), diwing, liowevcr, being limited to about 12 hom^, 
AH the fractions were placed in 1 K XaOH for iletcrminalion of the radioactivity. 

In tlie accompanying tables, the radio-iodine content of the thyroid was ex- 
pressed as percentage <if the injected dose. In fairies 2 and 3 comparison of the 
total radio-iodine values in control and treated animals .showed a stati.sticalb' 
significant ditTcrence, except for the two groups of animal.s exposed to cold during 
40 daj's (table 2). 

In all experiment.s, a few animals were sacrified only for histological examina- 
tion of the lliyroid.s. 


TABLE 1 

Effect of exposure to cold or heal for various periods of time on the xip(al:c of radio-iodine by 
the thyroid, expressed as percentage of the infected dose (OJ microgram), retained 

IS hours after injection 
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irc«. PER 100 C«. 
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Controls 

rr.^n. 

10 

H.3 ±2.1 

12.1 ±1.7 

1 

0.29 

1-day cold 

11 

1 

1 

; 0 9 -i-9 7 

0.22 

3-day cold 

11 

11.0 ±2.0 

i 3.3 -^2.9 

O.IS 

7-day cold 

12 

! 6.8 -1-2.2 

0.12 

1-day heat 

s 1 

S.3 -^1.3 

! G.O -1-2.5 

0.22 

3-day heat 

7 

7.9 -^2.1 

i 6.4 -1-3.0 

0.22 

7-day beat 

9 i 

S.7 ±1.2 

1 5.6 ±2.4 

0.17 


PlESULTS. Effects of loiv temperature on iodine fixation by the thyroid. In the 
prelirainarj’- experiment, carried out \rith a dose of 0.2 microgram of radio-iodine, 
the th 3 Toids of the refrigerated animals fi-xed les.s radio-iodine than those of the 
controls (table 1). The iodine uptake appeared to decrease as the length of ex- 
posure to cold was prolonged ; however, the decrease was statistically significant 
only in the group exposed to the low temperature for 7 days. Parallel histo- 
logical examination of the thyroids in other animals kept under the same condi- 
tions showed clearcut signs of stimulation only in the 7-day group. 

With the higher dosage, the re.sults obtained 2 houi-s after injection (table 2) 
revealed an increase in the amount of iodine fixed bj' the thj’Toids of the animals 
exposed to cold. This increase was apparent follon-ing a 7-day e.xposure, maximal 
after a 26-day exposure, but absent after a 40-day exposure (fig. 1) . In addition, 
the amount of newly formed thjTOxine was gi-eater in the glands of the refriger- 
ated animals. Thus in the 20-day group, 10 per cent of the labeled iodine was in 
the form of thjTOxine as compared to 6 per cent in the controls. 
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Tliirtj'- hours after injection, the thjn-oids of the 7-day group contained less 
radio-iodine than those of the controls (table 2, fig, 2). However, the proportion 
of labeled iodine present as thyroxine was greater in the cold group (18 per cent) 
than in the control animals (13.5 per cent). 

TABLE 2 


Effect of exposure to cold for various periods of time on the uptahe and metabolism of radio- 
iodine in the thyroid, expressed as percentages of the injected dose {5 micrograms) 


LENGTH OF EXPOSURE TO COLD 

NO. OF 
ANIMALS 

TOTAI. 1 
THYROID I j 

INORGANIC 

I 

1 

DIIODOTY- 
ROSINE I 

THYROXINE 

I 

Two hours after injection 

7 days. 

Controls 

10 

0.74 

mm 

wm 



Cold 

10 

1.37 

HI 



86 days. 

Controls 

5 ' 

0.81 

0.51 1 




Cold 

5 

2.21 

1.18 

m 


40 days. 

Controls 

12 ' 

0.96 

0.46 

0.44 



Cold 

5 i 

1 

0.93 

0.43 

0.45 



Thirty hours after injection 


7 days. Controls 

10 

4.36 

1.67 


0.59 

Cold 

11 

2.73 


1.17 

0.50 

40 days. Controls 

6 

3.10 

0.95 

1.55 

0.60 

Cold 

5 

2.69 

0.90 

1.24 

0.55 


TABLE 3 

Effect of exposure to heat for various periods of time on the uptake and metabolism of radio- 
iodine by the thyroid, expressed as percentage of the injected dose (5 micrograms) 


LENGTH OF EXPOSURE TO HEAT 

NO. OF 

1 ANIMALS 

TOTAL 
THYROID I ! 

INORGANIC 1 
1 1 

DHODOTY- 
ROSINE I ! 

THYROXINE 

I 

Two hours after injection 

7 days. Controls 

10 ! 

lEI 

wm 

0.17 

0.03 

Heat 

5 ! 

1 

■g| 

■h 

0.21 

0.01 

86 days. Controls 

5 

0.81 

0.51 

0.25 


Heat 

6 

0.45 

1 

0.30 

0.14 

■■ 


Thirty hours after injection 


7 days. Controls 

5 

2.30 

1.07 

1.07 

Heat 

5 

2.58 

1.33 

1.13 





Histological studies showed a clearcut stimulation of the thyroid with thickened 
epithehum and more basophihe colloid in 5 of 7 animals exposed to cold for 7 
days, and in 4 of 5 animals exposed to cold for 26 days. In two of the latter 
group, the stimulation was intense, vdth high epithelium and very httle colloid. 
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In 5 animals iT-frigemtcd for '10 flays, signs of siimulation v.-oro doublful, and 
r>vcrshadf)Uf‘d hy a markcfl incroaso in tlie amount of colloid causing distention of 
many of the folliclos. 

Ejhdii of hi(jh U:mi[m-ahirr an iodine fixniion }nj (he ihj/roid. I'he preliminary cx- 
])erinK‘n( (table 1) showed a stnlislically significant deftrea''e in iodine fixation in 
all groiijis of rats exposed to lieat, althongfi histological examimition slanved no 
elenreut t^luinges in the structure of the gland. 

Two hours after injection of the large fiose of radio-iodine ftrible 3), the amount 
of iodine fixed by the thyroids f»f treated animals was slightly but definitely less 
than that of tlie controls, Tiiirt.v hours after the injection, it was greater in the 
treated than in the controls. Histologically, a small reduction in the heightof the 
cpitholiiim was ap])arent in most of the animals. 



7 26 40 2 JO 

Fig. 1 Fig. 2 


Fig. 1. V.ariation in the .nmoiint of radio-iodine found .at 2 hours after injection, after 
c.xposurc to cold for various lengths of time. 

Fig. 2. Y.ariationsin the ratio of the percentage of injected iodine entering in the thjToids 
of the treated animals over that in the controls, as found in the groups exposed to cold or 
heat for 7 d.a3's. Tlie dotted line ma}' be taken as representing the control %-alucs. 

Discrssrox. During the 2 hour period following injection of labeled iodine» 
the thjToids of the animals ex-posed to cold for 7 and 26 dates fixed respectit-ely 
1.85 and 2.70 times as much radio-iodine as the controls. Conversely, the glands 
of animals kept at a high temperature incorporated less iodine than the untreated, 
the 7-day group fixing 0.69, and the 26-da3' group, 0.55 times the control values. 
On the assumption that there will be little excretion of fix'ed radio-iodine in the 
two hours follo\\-ing injection, these iodine ratios of experimentals to controls 
represent an index of variation in the iodine fixing ability of the thjToid. Histo- 
logical evidence of actmty and inactmtj' corresponded to the high and low 
ratios respective^x 

Eighteen or thirty hours after the injection of radio-iodine, smaller amounts of 
labeled iodine were found in the th 3 Toids of the cold groups as compared with the 
controls. This finding suggested an overall acceleration of thj’roid metabolism 
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in the cold, M’ith increased fixation of iodine (apparent at 2 hrs.) and more rapid 
excretion (apparent at 30 hrs.)- This would be consistent with the increased 
turnover of thjTOxine shown bj'’ the greater proportion of this substance found in 
the thyroids of the cold group. Further, the finding of basophilic colloid may be 
taken as indirect evidence of increased excretion (4). 

In relation to the excretion of thyroxine, Dempsey and Astwood (1) have es- 
timated that the dailj’’ output of thjToxine was 9.5, 5.2 and 1.7 micrograms after a 
14-day exposure at 1°C., 25°C. and 35°C. respectively. From these figures, we 
calculated that the excretion of thju'oxine at the low temperature was 1.82 times 
that at the control temperature of 25°C.; and similarly thjT’oxine excretion at 
35°C. was 0.33 times that of the controls. These values for thyroxine release 
were comparable to those reported above for iodine fixation. This correspond- 
ence is again indicative of an overall acceleration of thju’oid metabolism in the 
cold. 

This interpretation implies an increased excretion of thyrotropic hormone by 
the pituitary gland. However, direct stimulation of the thyroid by a thyro- 
tropic extract in the guinea pig (5) resulted in increased iodine fixation at both 2 
and 26 hours after injection. Our finding of a decreased fixation in the cold at 30 
hours after injection differed from the above result, possibly because of the differ- 
ence in experimental conditions, e.g., species and dose, or because the cold stimu- 
lus acted to some extent directly on the thyroid, resulting in a deviation of iodine 
metabolism from that produced by the action of the pituitary. However, the 
separations (table 2) did not reveal disturbances in the general pattern of iodine 
fixation and metabolism. For example, treated as well as control animals took 
up a gi'eater percentage of the injected iodine after administration of a small dose 
(table 1) than after injection of a large dose of radio-iodine (table 2), (6, ^,8). 
Similarly, in both control and treated animals given the 5-microgi’am dose, a high 
proportion of the iodine was found in the inorganic fraction at the 2-hour period 
only, indicating that at all envh’onmental temperatures iodine had entered the 
gland in the form of its ion, as occurs after the injection of rather large doses of 
iodide (7, 8, 9). 

The results obtained at high temperatures especially in the case of the 5 micro- 
gram dose, were the opposite of those found in the cold; suggesting that they were 
produced by a reverse action of the factor effective in the cold, probably an overall 
deceleration of fixation, metabolism and excretion of iodine. 

The duration of the exposure to cold affected thyroid activitj^ markedly. In 
the initial period, the signs of activation appeared very slowly in contrast with 
other results (10). Then a period of marked stimulation set in, which extended 
approximately from the 7th to at least the 26th day of exposure. After 40 days, 
the thyroids fixed and metabolized quantities of iodine similar to the controls, 
suggesting that the previous activation had receded. A similar finding is on 
record, as Starr and Roskelly (11), working out the thyroid histologj^ in rats kept 
at. 12° to 17°C., found a stimulation of the gland which decreased markedly Avhen 
the exposure was.prolonged to 56 days. Apparently a state of equilibrium had 
been reached, reducing the activation of the thyroid into cold. 
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Jilxposuro <if rut-s to oold fO” to 2’C.) for viirioa~ j)r;riod> of timo produce.-; a 
tliyroid stimnintion which is douluful after 1 t») 3 day.s definite after 7 days, 
maximal at 20 days, but absent after e.XfKvstu'c for dO day.s. 

At the time of maximal stimulation by the cold, the fixation of radio-iodine by 
the gland is 2.7 titnes that in the e(»ntrol.s, Separation of the iodine fractions of 
the thyroid at various lime interval.-^ indicates that the lunmvcr of thyro.xine and 
the excretion of iodir.cd products are increased to jilKuif twieo the norma! rate. 

Exposure of rats to heat (32‘ to 3 {®C.) le.ssens thyrrdd activity. Tlii.s decroa.se 
c.an he observed as early as oite day after the beginning of the cxpo.snrc and 
))er.=is(s for at least 2G flays. However, this redmuion in activities i.s slight, 
whether iodine fixation, thyroxine turnover, or cxcrctif)n of iodized products are 
considered. 

The .“ikillful technical a.‘^si.stance of Miss I.ols Walker at Montreal, and Mrs. 
Rose Clopman at Cambridge is gratefully recorfled. 

Part of the expenses of this investigation Imve been defrayed b\' a grant from 
the Blanche ITiitchison Fund of McCdll University, at Montreal. 

Tlie co.st of preparation and measurement of the radioactive iodine was 
supported in part by a grant to the Mas.sirchusetts Imstitute of Technologj' and 
the Massachusetts General Hospital from the John and jMarj' R. Markle 
Foundation. 
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The anesthetized dog when submitted to a prolonged period of drastic hj^po- 
tension, achieved by controlled bleeding, enters into a state of irreversible shock. 
The standard procedure developed in this laboratory for producing this state (1) 
entails lowering the arterial blood pressure by rapid bleeding to 50 mm. of Hg 
and sustaining it at this level for 90 minutes; it is then reduced to 30 mm. of Hg, 
at which level it is maintained for an additional 45 minutes. At the conclusion of 
this 135 minute interval of severe hypotension, all withdrawn blood is rapidlj' 
reinfused. Despite the latter procedure, veiy few dogs have actuall}’’ sundved. 
Studies have also been conducted by members of this laboratoiy (2) to ascertain 
the nature of the permanent derangement produced by severe hemorrhagic hypo- 
tension. Both peripheral and cardiac events were followed during the develop- 
ment and terminal stages of the shock state. The cardiometnc method which 
they used to measure cardiac output, though more satisfactory from many stand- 
points for this purpose than gasometric methods, unfortunately necessitated the 
employment of open-chest animals. It is therefore hazardous to appl}”- these 
results to interpret similar situations in the intact animal, since the circulatory 
state of open-chest animals is extremely labile and unpredictable. 

It is now possible to obtain reasonable and consistent cardiac output measure- 
ments rapidlj’- and frequentl}’’ in the mtacl dog b}’’ emplojdng the “modified 
Stewart method,” the merits of which have been recentN discussed by one of us 
(3). Emplojdng this more favorable method, the authors have examined cardiac 
output and total peripheral resistance (TPR) changes which occur during the 
development and course of “hemorrhagic hypotension” shock in mlacl anesthe- 
tized dogs. Evaluations of total peripheral resistance, which is dependent upon 
accurate measurement of both cardiac output and mean arterial blood pre.ssure, 

Pm X 1332 djmes-sec., 

were computed from the equation TPR = output/sec. 

are expressed as absolute units (A.U.). 

Procedure. Following a small preparatorj* injection of morphine, the dogs 
Were anesthetized with either sodium barbital (175 nigm./kgm.) or chloralosane 
(75-80 mgm./kgm.). The inconsequential operative procedures required for 
measurement of cardiac output and for recording arterial pressure pulses and 
mean atrial pressures were then performed. Systemic heparinization^ of the dogs 


^ This Work was aided bj* a grant from the Commonwealth Fund. 

■ Present address. College of iMedicine, University of Illinois, Chicago. 

* Rockefeller Travelling Fellow, Santiago, Chile. 

* I^e are greatly indebted to Roche-Organon, Inc., for the generous supply of Liquaerain 
''i'hich was employed in these studies. 
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was inslitufod to prcitludo possihio inU'rforciir’r- with oul})ut determinations l>v 
olotlinK of blood either in tin? rletecfion cannula or in the blood samples witli- 
drawn. 

Once circulatoiy eqnili'Drium was establislied, liiree consistent and reasonable 
control values for cardiac out])ut were procured in successive determinations. 
Immediately tbert'afler, rajnd controlled bleeding wru? instituted. .Sixteen dogs 
were used. Of these, six died of cardio re.“:pirator>’ failure during the SO mm. 
period of hypotension and therefore only yielded results for the early perioris. 

One can observe from the gniidis in figures 1, 2 and .3 the .standard procedure 
which was adopted for the timo.s at which variotis caitiiovascular events were 
evaluated. More frequent detennination.s of the latter did not add .significantly 
to the results, .\ccurate e.stiinates of tiie heart rate were obtained from the 
arterial pressure pulses whicli were photographed during each cardiac output 
dotennination. Mean right atrial pre.^sure.s were read from a damped .«aline 
manometer just prior to each cardiac output measurement. In order to obtain 
a rough e„stimatc of changes in hlood viscosity, hematoent leading.s were made on 
control blood .sample.s collected for output determinations. In most experimont.s, 
the right atrial-femoral arteiy circulation time was measured by a procedure 
de.scnbed in a previous paper (3). 

Resuet.?. Of the .^ix dog.s wliich .succumbcrl from cardio-iespiratory failure 
during the 30 mm. period, two revealed a severe broncho-pneumonia upon au- 
topfyq whereas the other four showed intense congestion, numerous petechiae and 
free blood in tlie lumen of the upper intestine. The cardiovascular changes in 
these animals during the oO virn. period were not unlike those displayed in the 
other ten animals; lionce they are included in the data pre.sented. 

With few exceptions, the coui'se of cvent.s during the development and terminal 
course of “.shock” is faiily repi-esented by the typical charts of two experiments 
in figures 1 and 2. The more important e.xceptions concern the peripheral resist- 
ance changes illustrated in figure 3 which will be discussed later. The response 
of the dogs followng complete reinfusion of all withdrawn blood was favorable, 
yet the}' all succumbed within ten hours. The impression was gained that this 
eventual outcome might have been prolonged, but not prevented by any thera- 
peutic measure. The autops}' findings strengthened this xdewpoint. There was 
intense congestion of the upper intestine and frequently of the colon and rectum 
in eveiy animal, but one. In most instances, large quantities of free blood were 
found in the lumen of the large and small inte.stine. In addition, both ventricles 
and atria u.sually revealed numerous petechiae throughout the subendocardial 
surfaces of their walls. Hemorrhages about the base of the valves were not 
uncommon. Occasionally, small hemonbagic infarcts were encountered in the 
lungs. It seems likely that systemic heparinization may have accentuated these 
findings. 

Control blood pressures in ten of the dogs were in a hyperten.sive range (140 to 
170 mm. of Hg) ; in other.?, they varied from 95 to 135 mm. of Hg. By variable 
degrees of reduction of their original blood volumes, all dogs were subjected to a 
standard degree of h}'potension. Five of the dogs which sun'ived the SO mm. pc- 
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riod were originally in tlie Itypertensive category; the other five were in the essen- 
tially normal blood pressure group. No correlation between the initial blood 
pressure level and the post-reinfusion survival time Avas estabhshed. 

The recovery of blood pressure immediately after rapid reinfusion of withdrawn 
blood was so satisfactoiy that an auspicious prognosis might have been made for 
most of these animals at this time, if blood pressure level alone AA'ere considered. 
Control levels Avere regained in fiA'^e dogs, satisfactoiy but not pre-existing hyper- 
tensive levels AA'ere attained in four others; AA’hereas in one dog, a poor response of 
54 mm. Hg Avas obtained. The latter died very suddenly betAv^een the first and 
second post-reinfusion hours. In most cases, the prognosis took an inauspicious 
turn Avithin an hour after reinfusion; the blood pressure began a progresswe de- 
cline toAvard critical hypotensu'e levels. On tAAm occasions, hoAvever, the 
reinfusion blood pressure leA^el AA^as essentially maintained for 2 to 3 hours, then 
descended quite rapidty toAvard critical leA’-el. 

The cardiac output and the stroke Amlume AA’ere severely reduced throughout 
the 60 and 30 mm. 'periods as a result of the great reduction in blood volume Avhich 
AA^as required to loAver blood pressures to these levels. The stroke volume Avas 
further embarrassed by cardiac acceleration AA-hich abbreviated the cardiac filling 
time. The cardiac outputs during the prolonged hypotension varied from 29 to 
45 per cent of the original control volumes. Only minor fluctuations Avere ob- 
seiwed during this 135 minute interval. Concordant Avith the development of 
hypotension and the large reduction of minute volume, there Avas a marked pro- 
. longation of the circulation time ; in many instances it Avas doubled (fig. 1). EA’en 
though generally tachy cardie during the control period, heart rates Avere further 
accelerated during the 50 mm. period. During the 30 mm. period they were more 
variable; in some cases the heart rate Avas further accelerated, in others, slightly 
decelerated, in still others even retarded beloAV control values (figs. 2 and 1). 
With the latter sloAving, stroke Amlumes increased someAA^hat Avithout any sig- 
nificant change in the cardiac output. Hematocrit values decreased pro- 
gressively during the 50 mm. period and remained constant duiing the 30 mm. 
period. This connotes hemodilution and a reduced blood viscosity. 

The response of cardiac output to the reinfusion of AvithdraAvn blood was not 
as auspicious as the blood pressure recover^'. In six dogs it Avas \ery satisfactory, 
the cardiac outputs returning to 90 to 118 per cent of control volumes. In the 
other four, it Avas mediocre at best, Amiying from 45 to 85 per cent of the control 
volumes. During the next three hours, hoAvever, the cardiac output in seven 
dogs diminished rapidly. FolloAving this it usually stabilized at Ioav values simi- 
lar to those established during the hypotension period (fig. 1), Avhere it remained 
until death occurred. In three animals, cardiac output was onty slightlj- 
diminished during the first 2 to 3 houi’S after reinfusion and then decreased ab- 
mptly to similar Ioav Amlumes. 

The stroke A'olume Avas improAmd after reinfusion, but neA’er regained control 
'■alues in nine of the dogs. In eight animals, it Avas progressively reduced there- 
after, much as the minute A-olume. In two dogs, howcA'er, stroke volume 
miproAmd as the post-reinfusion period progressed. Tliis Avas related to a simul- 
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taiieoiis progro.^^^ivf .^louiiisj; of the hoart in lln-fo two insfance.s. In the eiglit 
nniniais mentioned ulmve, (he licart nife regained or npjjroaehwi normal rate's; 
immediately after reinfnsion and underwent a Kerondary aceoleration during the 
initial Inairn of (he pusi reinfnsion perirKl. This aecelenition was sustainwi until 
death in five of (he dogs (fig. 2); in the others, even if they underwent this 
secondary a<;celeration, the liearl was markedly slowed and irregular during the 
terminal hours of t})e oxi)ennioi}t ffig. J). In all hut one ariinud, a tendency 
toward progressive hemoeoneentmlion was in evidence througlmiit most of the 



Fig. 1. Plot shosving (Hem.) blood withdrawn and reinfused in ml./kilo; sequence of 
cardiod 3 'namic events (II. R., heart rate; mean arterial pressure in millimeters of 

mercury; TPR, total peripheral resistance in absolute units; CO, cardiac output, ml ./min.; 
Hemal., hematocrit readings; and CT, circulation time in seconds during (A) control period; 
(B) hemorrhage; (C) 50 mm. of Ilg hj'potension; (D) 30 mm. of Hg In-potension; (E) rein- 
fusion; and hourlj' thereafter. 

post-reinfusion period. The circulation time, though essentially normal after 
reinfusion, again steadily increased until the circulation again assumed the slug- 
gish characteristics seen during the hypotension period (fig. 1). 

The changes in peripheral resistance were rather variable. The 137305 of 
changes which are likely to be encoimtercd are illustrated in the charts of figures 
1 , 2 and 3. Two different responses were observed during the 50 mm. -period. 
In eight of the dogs, TPR was elevated above rc.spective control values during 
the greater part of the period, a.s shonm in figures 2 and 3, II. In the other eight 
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animals, TPR was markedh" reduced at the onset of the 50 vim. 'period. In five 
of these, however, TPR increased, approaching control values as the period 
progressed. Regardless of the response during this period, all TPR values were 
reduced below their respective control values during the 30 mm. period. Those 
with an elevated TPR during the 50 vim. period showed the greatest reduction. 
At the termination of this h 3 ^potension period, TPR values varied from 64 to 84 
per cent of their respective control values. 

Immediate^ after reinfusion, TPR in five animals varied from 95 to 116 per 
cent of their respective control values; in the others, reasonabty satisfactoiy 
though definitelj’’ subcontrol values were attained (60 to 92 per cent of control). 
The course of the TPR during the remainder of the post-reinfusion period was 
extremely variable: 1. In four dogs, represented in figure 1, the TPR rose pro- 
gi-essively to a peak value high above the control Avithin the first 2-3 hours after 



Fig. 2. Same as figure 1. 

reinfusion; it then subsided suddenty to markedly sub control values vithin the 
succeeding 2 to 3 hours prior to the death of the animal. This response is also 
represented in figure 3, II. 2. On tAvo other occasions the TPR ascended more 
graduall}’- to a leA^el aboA’-e the control and then diminished to a leA'^el not far below 
the respective control at about the same rate that it ascended. This is exempli- 
fied by the TPR changes in figure 2. 3. As shoA\m in figure 3, III, TPR hoA^ered 
around the control values for approximatelj’’ fiAm hours, suddenlj’- rose to a peak 
(135 per cent of control Amlue) from AA'hich it sank rapidty to a subcontrol leA'el 
(71 per cent of control) much as in the animals in the first group above. In this 
pai-ticular animal the cardiac output neAmr stabilized at a Ioaa^ Amlume but con- 
tinued to diminish at a more gradual rate until the experiment terminated. 4- 
On tAA'o occasions, typified by figure 3, 1, TPR failed to attain the control Amlue 
after reinfusion; it subsided rapidly from this reinfusion leA’^el to subcontrol leA’^els 
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until death orcurred wHhin three hourfi. o. The final type (fig. 3, JV) resembles 
tluit. seen in fiKure 3, Hi in that 'fPR changed veiy liltlc for o to 0 hours after 
essentially normal values had been regained following roinfusion. In this 
animal, Jiowever, dTK did not rise belatedly; its peak value (110 per cent of 
control) was gained immediately after reinfusion. At about tlie .sixth hour after 
rcinfu.ston, it diminished fairly rapidly to a markedly subnonnal level (04 per 
cent) just prior to death. Pcctiliarly, this wa.s the only animal in which autopsj* 
finding.s were completely negative throughout. 

.lust prior to death, TPR was but .slighth' reduced in five, of the dogs, the values 
varying from 88 to 102 per cent of their re.«:pectivc control values. An example i.‘5 
.shown in figure 2. In the other five it wa.^: .severely reduced, the values recorded 
just prior to death varA'ing from 40 to 71 per cent of their re.spective control.s 
(example, fig. 1), 



(dotted lines). Abscissal, indications as in figure 1. Discussion in text. 

Discussiox. An analysis of the cardiac output and TPR changes, as well as 
of the changes in related events, permits fairly definite conclusions as to the 
nature of the primarj' derangements incurred from the.se drastic hemorrhagic 
liypotension procedures. 

The total resistance to the outflow of blood from the aorta is governed by 
.several factors: 1. Fundamentally, it depends upon the physical dimensions of 
the vascular system; hence the latter largely determines the range of TPR 
fluctuation which may result from superimposed influences. These dimensions 
may be con.siderably altered ^\^th growth and ageing processes. 2. It is also 
dependent upon the'effective viscosity of the blood, decreasing as the cell/plasma 
ratio decreases and vice versa. 3. Finally, TPR is continuously modified by 
functional modifications in the caliber of minute vessels induced by a, vasomotor 
nerve influences; b, action of chemical agents, and c, variable extra-vascular ten- 
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sions created by muscle tone, tissue fluid pressure and the like. It is more often 
the rule than not that several of these factors are simultaneously' involved in 
circulatory reactions and it is important to evaluate the relative contributions of 
each whenever possible. In these studies, it has been possible to infer the 
dominating factor vuth a high degree of probability. 

Since the characteristic of irreversibility develops during the hypotension 
period, the course of events during the 50 and 30 mm. 'periods must be carefully 
examined and analyzed. 

a. Fifty millimeter period. Among the anticipated responses to lowering of the 
blood pressure by hemorrhagic procedures which were actually observed in these 
dogs may be included a, an accelerated heart rate; &, a diminished stroke and 
minute volume; c, a prolongation of the circulation time; d, a reduction of venous 
or atrial pressure, and e, a progressive hemodilution. The nature and causes of 
TPR changes in the development and course of shock have not been established. 

These experiments have demonstrated that TPR a, may progressively decrease, 
as in figures 1 and 3, 1 ; 1>, may fall initially and then recover toward control values, 
as in figures 2, 3, III and IV, or c, may^ increase, as in figure 3, II. In attempting 
to detennine the factors wliich dominate these TPR changes, it is initially expe- 
dient to eliminate those TPR determinants which change uni-directionally’- and to 
much the same extent in all animals, for they’’ cannot he dominant forces in such 
variable reactions. Little can be said about the extravascular forces and their 
effects upon ^'enous return. There is, however, little reason to anticipate that 
these forces are significantly or variably’’ altered and hence that they’’ play a major 
role in the reactions of these supine anesthetized animals. Furthermore, com- 
parison of the heraatociit values obtained during this period with related cun’’es 
published by’’ Vfiiittaker and Winton (4) comdnced the authors that within the 
ranges of cell/plasma ratios found in these experiments, the effective \iscosity' in 
the blood vessels of the Ijody' is not greatly' reduced. Since the hematocrit read- 
ings were reduced to essentially’ the same extent in different experiments, it is 
believed that its effect in reducing TPR does not differ much in the various 
animals. It is probable, therefore, that no great error is incurred in the a.ssump- 
tion that the above factors remain fairly' equal in different experiments and that 
they' play’, at most, a very' small role in determining changes in TPR. Conse- 
quently’, the variable TPR changes ai*e chiefly’ due to active changes in the 
caliber of minute vessels, dominantly' the arterioles. At the onset of the 50 mm. 
period, such changes are not likely' to be caused by' a peripheral accumulation of 
metabolic products. As the period termmates, however, such products may' veiy 
well tend to counteract or even overbalance the influence of vasomotor neive 
impulses. Chemical influences certainly' cannot be veiy significant in those 
animals in wliich TPR was elevated far above control values. Therefore, the 
different TPR trends during this period are primarily attributable to vary'ing re- 
sponses of the vasomotor nervous mechanisms to the drastic circulatory' upset 
which has been produced. One might speculate that this variability’ can be 
explained upon the differences in the progress of anesthesia in these dogs. The 
latter is minimized, however, by the fact tliat hemorrhagic procedures were 
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never instigated until four hour.' after the anestlietie had ixrai adminiKtered 
and by jaet .'^trikingh* .'■•frrnlar responses' were observed in dogs under 
.sicl) dis'siinilar anesthetir's as srxHum barJutal and eJilorahK'ane. Whatei'cr the 
reason, it can i)e stated that vasomotor nervouK compensation during the oO 
mvi, prrml was very strong in some, nuKleniie aiul flelayed in otiicrs and aetuaily 
inadequate in .still other dogs. Ifegarrlless of the course of the TPK changes 
.‘'Cen aiming this period, the outcome was eventually the s.ame in nil animals, 
namely, death within 2 to 10 hours after reinfusion of the withdrawn hIoo<h 
h. 1 vnUtmtitr j)cno<h Tire rerluef ion of tire blowl pressure to 30 mrn. 
of llg was accomplished either by rrilowing it to fall .s[>ontaneously or }>y a very* 
small amount ot bleeding. Hence, cardiac mitput was not, significantly altered. 
Greater or lesser acceleration of the licart rate was seen in some animals; in 
others the lieart was markedl.v rr.darrled below control rate.s. Such slowing 
was not altered by i)i!alera! vagotomy; lienee it probabh* occurred as a result 
of the action upon the pacemaker of chemical mctal)olic acciimulants, largely 
produced b.y an inadequate coronaiy flow at tlu'se low prcs.sures. 

The TPll changes dunng tlii.s period of drastic hypotension were uniform 
in direction, i.e., TPR fell below nonnnl in even* animal. Blood viscosity is 
not a factor in this decline, inasmuch as the hematocrit value.s remained e-s- 
sentially unchanged. The TPK changes therefore must be primarily determined 
b}' active changes in peripheral ve.ssels. There can be little question that anoxic 
and accumulated metabolic bj'-products exert considerable influence upon the 
peripheral vasculature tending to produce vasodilatation, thus reducing the 
efTectivene.ss of any existing neri'ou.s influences on these same structures. In 
view of the fact that large vasopressor responses can be induced by pressor non*e 
stimulation and by asphyxial conditions at this time, it seems evident that the 
vasomotor centei*s have not failed. It may be, however, that the intensity of 
their reactions is lessened which, coupled ^^•ith the dilating action of ano.xia and 
metabolites, brings about a reduction in the total peripheral resistance. 

c. Post-rcinfiision 'period. The return of arterial blood pressure immediately 
after rapid reinfusion of withdrawn blood to satisfactory* levels was an auspicious 
beginning. However, the cardiac output was satisfactorily improved in only- 
six of the ten dogs. Immediately- thereafter, cardiac output began to decline 
and became progressively smaller until volumes equivalent to those encoun- 
tered during the hypotension period Avere again attained. Thus, as others have 
shoAvn in other forms of shock, the declining arterial pressure which folIoAv.s 
reinfusion of blood after severe prolonged hemorrhagic hypotension is due 
chiefly to progi-essive reduction in cardiac output. But, during the later stages, 
further decline of arterial pressures occurs Avithout additional reduction of 
cardiac output, indicating that noAV peripheral factors are operating. In the 
terminal stage, hearts of several dogs Avere considerably- sloAved and irregular in 
rhythm, as in the 30 mm. period. This terminated life. 

The TPR values obtained immediately after reinfusion were essentially normal 
or slightly higher. FolloAA-ing this, a A-ariety of changes in TPR Avere seen, as 
shnAAn in figures 1, 2 and 3. The interpretation of these Aaried responses i* 
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somewhat more complicated than that of the changes encountered during post- 
hemorrhagic hj^Dotension. The cell/plasma ratio remained essentiall}’- normal 
in two dogs; in the others, it increased above the control. This demonstrates 
that hemoconcentration can occur in circulatoiy failure following hemonhage 
and reinfusion, and that the condition also qualifies as a shock state in ac- 
cordance vith IMoon’s criterion. However, the hematocrit readings never 
exceeded 60 and were never less than 40 in controls. Consequent!}', in accordance 
vith cuiwes of Whittaker and Winton, the changes could have only a minimal 
effect in increasing the effective viscosity of blood in the blood vessels. It is, 
however, unlikely that this physical deteiminant alone is responsible for the 
marked elevation in TPR which was obseiwed in some experiments, and of 
course fails to account for reductions. Such changes must involve alteration 
of vasomotor tone. During the early horns of the post-reinfiision period and until 
a critically sluggish circulation again develops, it is questionable whether anoxia 
or the accumulation of metabolic by-products are severe. The possibility that 
vasopressor substances often present in shed blood are concerned is ^diluafly 
excluded in view of the facts that a, such agents should produce a sudden, not a 
progressive elevation of TPR when the blood is reinfused rapidly, as shovTi in 
figures 1, 2 and 3, II; 6, they cannot be responsible for the delayed response 
seen in figure 3, III, nor c, can they explain the prolonged maintenance of TPR 
at essentially control levels, as in figure 3, III and IV. Furthermore, attempts 
were made to prevent the accumulation of vasoconstiictor substances in the 
shed blood by keeping the latter refrigerated until just prior to reinfusion . Thus, 
the TPR changes depend upon the reactmty of the vasomotor ner\m mech- 
anisms. 

During the teiminal hours preceding death, however, TPR always falls, 
in some cases to slightly subcontrol and in others to extremely subcontrol 
values. That this cannot be due to failure of the vasomotor centers — although 
the activity of the latter may be somewhat less intense — is signified by the 
increased TPR which can be induced as a result of asph}^al procedures or upon 
stimulation of some afferent pressor nenm. Since a significant decline of TPR 
does not occur until the circulation has again become veiy sluggish at ciiticaUy 
hypotensive blood pressure levels, and since cardiac slowing and irregularity 
re-occur at this time in some dogs, it seems reasonable to assume that, as during 
the 30 mm. period, humoral or metabolic agents are again more effectively over- 
coming the nei-vous influences upon blood vessels in the periphery’’, thus affecting 
a reduction in the effective TPR. The rmriability in the degree of TPR reduction 
just prior to death may be supposed to be related to the variable concentration 
of humoral or metabohc agents and their variable effectiveness in counterbalanc- 
ing the effects of nervous activity upon the smaller blood vessels. 

The method for producing standardized hemorrhagic shock employed in 
f Gee experiments was arrived at in this laboratoiy (5) by “trial and error” meth- 
o s. It was found that shock could be produced more consistently by main- 
ainmg rtandard low arterial pressures for specificed internals of time than 
ileeding the animal by definite volumes of blood per kilo of body weight (1). 
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A phy.slological for hucU u procodiiM! would ho ‘juggostcd if it could be 
f^liowu that Uiis correlated with tjjo reduction of the circuhiUrn/ indtx (cardiac 
otiij)u(. pfu‘ scpiare ineUu* of body «urfuce) t(j a definite minimal %’aluo or witli 
a definite, percentage reduction of the control cardiac outptit. Since it in not 
clear whether, with the inlenso coii.^t riction of surface, vessels, such calculation.s 
of circuhlory index, are more properly made on a stirface area or weight basis, 
v.-e contented oiu-selves with the inet.ho<l described. As stated, our rcsiilts 
showed that cardiac output was alway.s reduced tf) 29 to Ah p(;r cent of the 
original control values fluring most of the 135 minutes of iiypoten.sion. In 
other word.s, reduction of the circulatory A-aluo to one-lialf to one-third of the 
normal output for tavo and one-quarter hoiu-s suffif-'cs to induce the irreversible 
state. However, the considerable ranges in jiorcentage reductions of cardiac 
output indicate that- the simple procedure for producitig hemorrhagic shock by 
holding arterial pressures at. specified levels floes not result in equal reduc- 
tions of total blood flow in diflerent animals. Tliis merely illustrates again 
the difficulty of creating entirely similar conditions in difiercnt animals for 
the study of shock problems. It may also well explain v,hy much shorter 
periods of less drastic hypotension often sutlice to producf? shock %vhi!c even 
more prolonged periods of severe hypotension occasionally fail t-o do so. 

SU.M.MARV AXD CONCLUSION'S 

1. Utilizing a “modified Stewart method” for determining cardiac output, 
variations of the latter and of total peripheral rcsi.5tanco (TPR) were studied 
during tlio counso of standardized liemonhagic shock in relation to other cardio- 
dynamic events and licmalocrit changes. 

2. During a 90 minute period of 50 mm. of Hg hypotension and a subsequent 
45 minute period at 30 mm. of Hg, cardiac output and stroke volume were 
reduced to 29 to 45 per cent of the control flow. Although they were restored 
to normal in the majority of experiments immediately after reinfusion, in some 
the recoveiy was onh’ to 45 to S5 per cent of control values. During the three 
hours succeeding rcinfusion, cardiac output decreased rapidly and was the chief 
cause of the declining arterial blood pressure. In the final stages cardiac output 
stabilized at low levels and the continued fall of blood pressure was occasioned 
chiefly by peripheral factors. Slowing and failure of the heart was often the 
ultimate step in the series of cardiodynamic events leading to death. 

3. Hematocrit readings indicated a hemodilution during the periods of hy- 
potension and a tendency toward concentration follorring reinfusion of the blood. 

4. The course of events in standardized hemorrhagic shock is therefore 
similar to that described in other experimental types in that a, hcmoconcentra- 
tion occurs, and h, progressive reduction of cardiac output is chiefly responsible 
for the progressive decline of arterial pressures after rcinfusion. 

5. Despite the universally fatal outcome, changes in the total peripheral 
resistance were extremely variable during the periods of post-hemorrhagic 
hr'potension and during circulator^’’ failure which developed after reinfusion of 
blood. The different trends are analyzed. Arguments are advanced that 
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physical factors concerned in such changes can be evaluated and that an estimate 
of directional changes in vasomotor tone can be made. Supplementary evidence 
is cited from which the conclusion is reached that humoral or metabolic factors 
pla3^ a considerable role in these changes, 

6. In the method for producing shock by holding mean arterial pressures at 
succes.sive levels of 50 and 30 mm. of Hg for specified intervals of time, car- 
diac output was reduced to 29 to 45 per cent of the original blood flow. 
Such ranges of reduction indicate that the procedure recommended for the 
rather regular production of hemorrhagic shock does not result in equivalent 
reductions of circulatoiy values when applied to different animals. Of course, 
the possibility that other factors may enter cannot be excluded. 

The authors are deeply indebted to Messrs. R. J. Antos and R. M. Dworkin 
for their splendid assistance in the performance of these experiments. 
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!.« known (huf Uu- !:ifliu‘y f;xn'*'t«‘s Muaii quant it ie> of jitniiuj a'-ids at norma! 
ida^'tna rf)n(>ontratinii. SigTiificant incroayc in thr- (’xciftion of atnino afid-; oo 
nir,' at <-k.‘vatf‘d piasturi iovo!.’'' ]»n? adoqiiato ftudia*; to fataddi.*-'!! the oxl-totice 
f>i a maximal rate of luladar transfer nri* not It has hern aiic^gested 

(Smith, 1937), that, different amino aeids are pruhahly excreted hy (he Iddney in 
speeifir fashion. Kirk {i*.t3(i> foutid that after the administration of glycine in 
man the amino acid clearance increased a'-- tlie piasiua amino acid level rose and 
ajtpeaix'd to he itidependent of diuresis. At low plasmti amino acid N concentra- 
tions (1-1 mgm. per HH.) i'c.}, 1-tyrosine and 1-his‘tidine were almost completely 
reahsovixal from the glomerular filtrate in tiie dog; however, at slightly higher 
plasmti amino acid X (3-7 mgm. jjcr 100 ee.) X-methyl-l-tyrosine and X'-acetyl- 
l-tyrosinc were not reahsorhed so completely (f)o(y, 1911). 

Previou.s .stuflie.s in thi.s laboratory (1912) on inmmal tmd hyjmproteinemic 
dogs, to whieh casein hydroly.sate wasadministeref), have .shown that with plasma 
amino acid X'- levels ahout twice the fasting value, tubular reabsorption of amino 
aeids is almost eomj)let<*, so that the amino acid clearance is usually under 1 cc. 
per .sq.m, per min. 'I’lie experiments reported licrc were designed to sec wliotlier 
!i maximal rate of tubular transfer for amino acid exists. 

Tiie elevated plasma amino acid levels produced by oral administration of large 
(pmntitic.s of amino acid are often associated with severe vomiting. This, com- 
bined with the e.xceeclingly rapid removal of amino acids from tlie blood .stream 
by the liver and other tissues, makes it difficult to maijitain liigh pla.snia levels. 
In the first group of cxi)eriment.s the admini.stration of amino acids by .stomach 
resulted in a .sharp rise and fall in the plasma concentration without maintaining 
an elevated level. Hence the clearances were determined with falling plasma 
concentration. 


Exi’Erimext.vu I’uoceduue. Govafjc experiments. XormnI young female 
clogs were fed a standard conqdete ration. They were trained to submit to being 
bled and cathetciizod. After an IS hr. fast a ijroliminary gavage of water was 
given to insure adequate urine flow. An hour after the gavage a .sample of blood 
was withdrawn, either from the jugular vein in some experiments or from the 
femoral artery in others, => the dog was cathetorized and returned to the cage. 


‘ Aided by funds from the Emeny Gift and from the Williams-Watcrnian Fund of the 
Research Corporation. 

- Throughout the paper plasma amino acid N refers to alpha amino acid X as determined 
by the nin-li3'drin method. 

® In our hands on several occasions no significant difference was found in the amino acid 
N content of venous and arterial blood when withdrawn simultaneouslj'. 

CSS 
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Tlienceforth tlie dog was bled and cathetcrizcd every Half hour and replaced in 
the cage between bleedings. After two control periods of half an hour each, an 
amino acid or a mixture, approximately 350 mgm. amino acid N per kilo bodj’’ 
weight, was given by stomach tulic. About- an hour was allowed for absorption 
of the amino acid and thereafter the urine was collected in periods of 30 min. 
Attempts to attain still higher plasma levels bj' administ rat ion of a second gavage 
were defeated by incc.ssant vomiting. Sufficient creatinine was given either by 
mouth or subcutaneously so that, glomerular filtration could be estimated from 
the exogenous creatinine clearance (Shannon, 1936). 

Chemical methods. ^Minimal amounts of dry jiotassium oxalate were used as 
anticoagulant. In a few experiments blood urea N was determined by the Van 
Slyke urease method (1927). The centiifuged plasma was anah-zed for alpha- 
amino acid N by the Van Slyke ninhydrin method (1941 ). Creatinine was deter- 
mined by a modification of the Folin-V'u method (1919) suggested b.y A. A. 

, Wcech (1940); two hours after the addition of the alkaline picratc the color was 
found to be maximal and stable; the color was measured in an Evcl.yn photoelec- 
tric colorimeter wit ha filter of 520 millimicrons. Analyses of the urine included 
al])ha-amino acid X, creatinine, and in part of the studies urea N by the same 
method.s. Other procedures have been de.roribcd j)re\'iously (1942). For calcu- 
lation of the renal clearances, concentrations of ])lasma creatinine, plasma 
amino acid X, and blood urea X were plotted against, time on semi-logarithmic 
co-ordinates. The mean plasma concentration of each urine collection was ob- 
tained by interpolation to the mid-period (Smith, 1937). 

Results. acid administered by yavage. Using the technique outlined 

above the effects of ingestion of dl-alaninc, glycine, and casein hydrolysate’ were 
studied. Observations during the control periods (table 1 ) showed that at n'ormal 
plasma amino acid levels onl.v minimal amounts of amino acid were excreted in 
the urine, so that the rcn.al amino acid clearance was less than 1 cc. per sq.m, per 
min. Glomerular filtration as measured by the exogenous creatinine clearance 
fluctuated somewhat, apjiarently indej)cudentl.y of urine flow, and the ratio 
amino acid clearance/creatinine clearance was constant. 

AVlien dl-alaninc was administered by gavage (table 1— -exjits. 1 and 2) the 
jilasma amino acid X rose sharjily to fourfold the normal value within an hour and 
then fell almost as sharply. At the high plasma amino acid values, uj) to 4 times 
the fasting level, large amounts of amino acid were excreted in the urine and the 
amino acid clearance ranged from 19 to 44 cc. per sq. m. per min. AVhen gl.ycine 
was given (table 1 — expt. 3) the plasma amino acid N rose to double the fasting 
value in the first hour and to three times this value during the second hour. At 
pla.sma amino acid levels twice the normal, le.5ser amounts of excreted amino 
acids resulted in lower amino acid clearances of S to 10 cc. per sq.m, per min. 
With both glycine and dl-alaninc a marked increase in the ratio amino acid clear- 
ance/creatininc clearance indicated a large increment in the fraction of filtered 
amino acid cxcrelcd. 

In contrast, when casein hydrolysate was given (table 1 — expt. 4) the plasma 
Kindly fiirni.slied by Mead Johnsbn and Company under the trade name “Amigcn.” 
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TABLE 1 


Results before and after administration of amino acids by gavage to normal dogs 




MGM./IOO CC. 

lUXIMUit 1 

CLEARANCE 

(cc./min./sq.m) j 


ASnNO ACID N (lIGlI./lOO 

TIME 

URINE 

rtow 

Creatinine 

Amino Acid N 

riLTKATE/SQ.M.) 



j Plasma j 



1 Urine j 

Great- j 
inine 

Amino 

Acid 

1 CREAT. 

1 Filtered j 

Ex- j 
Creted j 

Reab- 

sorbed 


Experiment 1 


minutes 

cc./min. 








1 



0 

Gavage with 400 cc. water to dog 958 (10.6 kilo, S.A. = 

0.5341) 



26 

Subcutaneous injection 1.6 grams creatinine in 20 cc. water 



60-89 

2.2 

1 13.0 

302 

[ 3.56 ! 

0.5 

94 1 

I 0.6 

0.000 

3.56 

0.02 

3.54 

89-118 

2.4 

1 11.5 

223 

j 3 . 50 1 

1 0.3 

87 1 

0.4 

0.005 

3.56 

0.02 

3.54 

124 

Gavage 25 grams dl-alanine in 200 cc. 5% glucose in saline 



128 

Subcutaneous injection 3.4 grams creatinine in 40 cc. water 



148-178 

1.2 ' 

29.8 

1 1351 i 

1 11.60 1 

139.3 

103 1 

27.4 I 

1 0.206 I 

1 11.00 

3.08 

8.52 

178-208 

1.1 

28.2 



252.1 


43.2 

WKi« 


4.72 

6.78 

208-238 

1.1 

23.7 

1668 ! 

8.05 

184.9 

145 

44.0 


8.65 

2.63 

6.02 


Experiment 2 


0 

Gavage ■with 600 cc. water and 5 

grams creatinine to dog 963 (15.9 kilo S.A. 


j 

' 0.6771) 









77-107 

2.3 

15.7 

431 

4.21 

0.3 

92 

0.2 ! 

0.002 

4.21 

0.01 1 

4.20 

107-139 

1.6 

i 14.7 

1 428 

4.76 

0.4 

68 

0.2 

0.003 

4.76 

0.01 i 

4.75 

145 

Gavage 40 

grams dl-alanine and 2 grams creatinine in 400 cc. 2.5% glu- 


j cose in saline 









139-200 

1.4 1 

14.0 j 

700 

8.40 


100 

i 





200-231* 

1.1 1 

13.9 1 

855 

15.35 


96 



1 13.80 



231-261 

0.5 1 

13.3 i 

1210 

13.80 

381.0 

63 

19.2 

0.305 ] 


4.17 

9.63 

261-290* 1 

0.8 i 

12.3 i 

1205 

14.15 1 


113 


1 

1 



290-321 

1 

0.6 

1 

11.3 

1 

1419 

1 

11.00 

392.1 

104 

1 

29.5 

1 

0.284 ! 

1 

1 11.00 

3.13 

7.87 


Experiment 3 



i Gavage with 300 cc. water to dog 958 (10.4 kilo, S..4.. = 0.5299) 

! 



Subcutaneous injection 5 grams creatinine in 100 cc. water 

1 




0.3 

1 36.0 

4241 1 

i 4.08 j 2.5 

59 

0.3 

0.005 1 4.08 

0.02 

4.06 


0.3 

36.6 

4751 1 

3.77 j 2.7 

61 

0.3 

0.005 ! 3.77 

0.02 

3.75 

91 

Gavage 25 grams gh'cine in 200 cc. 5% glucose in saline 



120-150 

0.7 1 

24.4 ! 

1818 I 

8.59 j 51.7 j 

103 

[ 8.3 

i O.OSl j 8.59 

0.70 

7.89 

150-180 ' 

0.8 

19.9 

1253 1 

i 10.90 1 69.1 j 

99 

j 9.9 

j 0.100 j 10.90 

I 1.10 

9.80 
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TABLE 1 — Concluded 


URINE 

PLOW 

ilCit./lOO cc. 

MAXIiCUit 

CLEARANCE 

(cc./mik./sq.m) 


AlIINO ACID N (mGII./IOO 
CC. or GLOIIERITLAR 
riLTRATE/SQ.M.) 

Creatinine 

•Amino Acid N 



Great- Amino 
inine Acid 

CHEAT. 

Ex- Reab- 

Filtered ^reted sorbed 


Experiment 4 


minutes j j I 1 1 1 I | I 

0 Gavage with 400 cc. water and 5 grams creatinine to dog 963 (15.4 kilo, S.A. 
= 0.6771) 1;^ 


80-110 

1.9 

! 19.6 

597 

4.45 

0.9 

85 

0.5 

1 0.006 

4.45 

0.03 ! 

4.42 

110-140 

i 0.5 

i 15.5 

1&35 

4.45 

3.8 

82 

0.6 

1 0.007 

4.45 

0.03 1 

4.42 

145 

GaA’-age 65 grams casein hydrolj'sate powder in 400 cc. 2.5% glucose in saline 

140-170 

0.2 

13.1 

3415 

6.60 


77 






170-200 

0.2 

11.6 

3523 

8.63 


90 






200-230 

0.3 

10.4 

2868 

9.13 

15.1 

110 

0.7 

0.006 

9.13 

0.05 

9.08 

230-260 

0.3 

9.4 

2118 

9.01 


100 






260-293 

0.4 

8.2 

1641 

8.55 


112 






293-323 

0.5 

7.3 

980 

8.75 

10.6 

103 

0.9 

0.009 

8.75 

0.08 

8.67 


* Vomited. 


amino acid N level was doubled within half an hour and never rose above that 
value during the three-hour period of observation. Although a slight increase in 
urinary amino acid Avas noted it was not sufficient to alter the amino acid clear- 
ance significantly from that obtained in the control periods, and the ratio amino 
acid clearance/creatinine clearance remained constant. 

In the gavage experiments, Avith approximatelj’’ equal dosage (calculated as 
amino acid N) of dl-alanine, gl^’^cine and casein lij’^drolysate, the plasma level 
attained AA'as apparentlj’- goA^erned bj' factors other than the solubilit3’- of the 
amino acids ingested. '\^ariation in the rate of absorption of different amino 
acids from the intestinal tract ma}'' account for the failure to obtain higher Amlues 
AA-ith casein hA’'drol3’’sate. 

The amino acid clearances described aboA'e Avere deteimined Avith falling plasma 
amino acid concentration. Since the sharp rise and fall of plasma amino acid 
concentration resulted in failure of maintenance of high plasma leA'^els and since 
there ma 3 ’- be a lag in the adjustment of the renal tubular cells to successiA"el 3 '’ 
loAver plasma leA’^els, the estimation of tubular reabsorption under these conditions 
is not necessarib’’ accurate. HoweA’^er, the experiments confirmed the fact that 
AA'ith oral administration of the single amino acids or casein l^’-drotysate, plasma 
amino acid N leA’-els under 8 to 9 mgm. per 100 cc., AA'ere associated AA'ith little loss 
of amino acid in the urine. 

In an attempt to maintain high plasma amino acid leA’^els for longer periods, 
amino acids AA’^ere giA’^en b3’’ continuous intraA’^enous infusion. Under these condi- 
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tion.s rcslrainf. of (he animal on the board is incvilablc and copious diuresis results. 
Howe.vcr, more reliable measurement of tubular reabsorption is attained since 
t he clearances are determined at relatively constant plasma amino acid levels with 
successive increases in i)lasma concentration. 

Procedui{E. Conlinv.ouH iniravenom adminialraiion. A jircliminar}- gavage 
of water was followed by the continuou.s intravenous infusion of creatinine in 5 
per cent glucose in physiological saline at G to 11 cc. per min. After diure.-is was 
establislicd, urine was collected by indwelling catheter for several control periods 
of 5-10 min. liloocl wa.s withdrawn just before and just after the control urine 
collection periods. Then amino acid was added to the infusion mi.xture without 
change in the rate of administration; wlien the ]>la.sma amino acid levcd attained 
a constant higher value, blood was again withdrawn before and after the urine 
collection periods. Several experiments on the .same dog v.'itli one material ^\•erc 
necessary to obtain the complete range of clearances at elevated ])lasma amino 
acid values. It was: lechnicall}* difficult to maintain constancy of the plasma 
amino acid concentration at high levels; changes in the rate of infusion even of a 
few minutes’ duration produced rapid fluctuations in plasma concent ration. The 
effect of these fluctuations of plasma concentration on the clearance was mini- 
mized by selection of .short urine collection periods. 

Results. Continuous intravenous infusion. To evaluate the physiological 
effect of the amino acids administered inlravcnou.sly at .so rapid a rate, it wa.s 
necessaiy to detennine the results of a prolonged intravenous infusion of 5 per 
cent glucose in .saline alone on glomerular filtration, plasma amino acid level, and 
the renal clearance of amino acids. In a normal dog (table 2 — cxj>t. 5) diuresi.s 
with progres.sive decrease in urine flow and a few days later (table 2 — expt. G) 
with progre.ssivc increase in urine flow was produced. Observations over a period 
of 2 hrs. in each e.xperiment disclosed a .slight fall in the plasma amino acid X level 
and the excretion of very small amounts of amino acid with consequent low 
amino acid clearances. Fluctuations in creatinine clearance were observed simi- 
lar in degree to those previously noted in control periods vdth longer urine collec- 
tion inteiwals. In spite of the wide range in urine flow no significant difference 
was noted in the amount of amino acid excreted and the ratio amino acid clear- 
ance/creatinine clearance remained constant. 

The same dog (table 2 — expts. 7, 8 and 9) was now given dl-alanine by constant 
intravenous infusion. In two of the studie.s (expts. 7 and 8) preliminary control 
periods were followed by obseiwations at a high pla.sma amino acid concentration, 
while in the third (expt. 9) the control period was omitted and only successively 
higher concentrations were attained. As shown in the table, the findings of the 
control periods agreed with those observed in the previous prolonged studies. 
With elevated plasma amino acid X levels at least, twice the normal, as in the 
gavage experiments, increasing amounts of amino acid were excreted with corre- 
spondingly high renal amino acid clearances. During the control periods with 
high urine flow at normal plasma amino acid X” levels the renal amino acid clcar- 
, ance was uniformly low. At plasma amino acid X levels two to ten times the 
normal and with a mine flow' of 5 cc. per minute, the amino acid clearance was 
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TABLE 2 


Results of continrioiis intravenous infusions of 5% glucose in saline atid of d-l alanine in the 
normal dog (A'o. 204 — H-l l-Ho, = 0.6534) 



tnUKE 
: TLOW 

i 

1 

i MGM./IOO CC. 

MAXIMUM 1 

ci.E.vs.\}rcE j 

(cc./mix./sq.m.) 1 

! 

\ 

CLEAKANCE ] 
RATIO i 

A,A* ] 

1 AMIXO ACID N (ilGM./lOO 
' CC. OF GLOirEECLAE 

FILTRATE/SQ.M.) 



Plasma 

... ! 
Urine | 

! 

j Plasma 

Urine 

Great* j 
ininc { 

Amino ! 
Acid i 

GREAT. 1 

1 Filtered j 

Ex- 

creted 

Reab- 

sorbed 

- 





Experiment 

5 





minutes 

cc./min. 








1 

1 


0 

\ Gavage with 400 cc. water 







57 

Continuous I.V. with 0.3% creatinine in 5% glucose in saline at 11 

CC. per minute 

80-85 

16.0 ] 

20.9 

IIS 

3.87 1 

0.3 

139 

2.0 

0.014 

3.87 

0.06 

3.81 

85-90 

15.4 ' 

23.5 

125 ! 



126 






90-95 

13.6 

25.4 

140 

3.45 i 

0.2 

114 

1 .5 

0.013 

3.45 

0.04 i 

3.41 

101-106’ 

11.8 

24.6 1 

174 1 


j j 

84 ’ 

1 





108-111 

9.0 

24.2 j 

215 ! 

3.09 1 

0.3 

123 

1.2 

0.010 

3.09 

0.03 

3.06 

111-110 

8.7 

24.0 1 

241 i 


1 

1 

133 







Experiment 6 


0 


Continuous I.V. with 0.1% creatinine in 5% glucose in saline at 11 cc. per minute 
(S.A. = 0.6531) 


61-67 

6.7 

8.5 

88 

67-73 

7.1 

8.6 

87 

79-85 

■6.8 

8.7 

89 

85-91 

7.6 

8.7 

99 

97-103 

10.4 

9.2 

70 

103-109 

lO.S 

9.5 

SO 


3.05 

1.0 

106 

111 

i 3.2 

2.91 ! 

1 

I 

0.5 

107 

132 

1.9 

2.66 

1 0.3 

121 

139 

1.9 


0.030 

3.05 

0.09 

2.96 

1 

0.018 1 

1 

1 

2.91 1 

1 1 

0.05 

2.86 

0.016 

i 2.66 

1 0.04 1 

1 2.62 


Experiment 7 

0 Gavage with 200 cc. water 

15 Continuous I.V. with 0.2% creatinine in 5% glucose in saline at 8 cc. per minute 
(S.A. = 0.6570) 


90-100 

i 3.0 1 

13.4 ] 

262 

3.49 

1 0.3 

89 

i 0.5 

1 0.006 

I 3.49 

0.02 

3.47 

lOO-liO 

3.7 1 

13.5 1 

1 327 

i 3. 49 

1 0.4 

137 

i 0.7 

0.005 

i 3.49 

0.02 

3.47 

111 

1.0% dl-alaninc (0.16% NHjlSr) added to infusion mixture at 9 cc. per minute 

142-147 

11.2 

13.8 1 

107 : 

7.44 

8.8 

132 ' 

20.3 

0.154 i 

7.44 i 

1.14 

6.30 

147-152 

11.8 

13.6 ! 

106 ‘ 

7.56 

8.6 

140 

20.5 

0.146 

7.56 

1.11 

6.45 


Experiment 8 


0 Gavage with 200 cc. water 

22 Continuous I.V. with 0.2% creatinine in 5% glucose in saline at 7 cc. per minute 
(S.A. = 0.6570) 
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i 

i 

KCM./IOO cc. ] 

Ctr.ARANCl: 

f 

! ctCAKAxcn ; 

\ VATtO 1 

j A.A, 

AMK.'o Aan X (mc.u./IW 


Tvov: j 

Creatinine 1 

Amino AcW X | 

nCTRATC/SO.W.) 



1 Pbfroa 1 Urine 

! i 

J’latma | Urine 

Cfcat* 1 Amino 
ininc j Acid 

j CSEAr, j 

1 ] 

Fi'trrrii 1 i 

' j creted j lorbed 


Experiment 8 — ConlxnutA 


minutes 

89-104 

I cc,/min. 

4.2 

1 12.1 ‘ 

i 

195 1 

1 

i : 

1 3.02 * 

0.6 * 

102 

1.0 

1 

0.010 1 3.62 

i 

i 

1 0.03 

3.59 

101-114 

0.2 i 

i 12.1 1 

100 i 

3.81 ; 

0.3 j 

124 i 

0,8 

0.00(5 I 3.81 

I 0.02 

3.79 

117 

2.0% til-ft!anine (0.32% XHjX) added to infusion mixture at 0 cc. per minute 

134-144 

0.2 

} 11.8 1 

15S i 

7.89 

1 fl.G 

; 125 j 

11.4 j 

0.091 ! 7.89 i 

0.72 1 

7.17 

144-154 

7.1 

|11.8! 

148 j 

8.84 

10.3 

135 j 

12.7 I 

1 

0.094 1 8. 84 1 

0.82 1 

8.02 


Experiment 9 


0 

45 

07 


Gavage with 400 cc. water 

Contimious I.V. with 0.2% creatinine in 5% glucose in .saline at 7 cc. per minute 
3.8% dl-alaninc (0.00% iCHjX) added to infusion mixture at 0 cc. per minute 
(S..‘V. = 0.0493) 


106-113 

9.0 

1 10.3 ! 

75 

j 23.70 

13.2 i 

101 

7.S 

i 0.077 

j 23.70 

j 1.81 

21.89 

113-119 

10.3 ’ 

1 10.8 1 

70 

1 24.95 

25.7 

112 

16.3 

t 0.146 

i 24.95 i 

1 3.62 

21 .33 

133-139 

10.3 1 

12.2 1 

84 1 

30.00 1 

52.8 

j 109 1 

i 27.9 

1 0.250 j 

30.00 j 

7.70 

22.30 

139-144 

9.2 j 

12.5 1 

88 1 

1 

31 .75 

54.4 

1 i 

24.2 

0.242 1 

31 .75 1 

7.70 

24.05 


elevated; at higher urine flow of 10 cc. per minute still higher clearances were 
observed. 

The ratio amino acid clearance/creatinine clearance remained constant 
throughout the control period.s but increased as the plasma amino acid N concen- 
tration rose and was accompanied by greater excretion of filtered amino acid. 
jFluctuation.s in glomerular filtration during the infusion of dl-alanine were like 
tho.se noted in the control periods and at no time was glomerular filtration in- 
creased by the injection of the material. 

Similar studies were carried out with casein hydrolysate (table 3 — expts. 10, 1 1 
and 12) . Using different dilutions of the 10 per cent casein hydrolysate solution, 
plasma amino acid N levels ranging from 11 to 41 mgra. per 100 cc. were attained. 
As vnth dl-alanine the amounts of amino acid excreted paralleled the increase in 
plasma value resulting in high renal amino acid clearances; similarly, with the 
higher rates of urine flow higher clearances were obtained. Tlie ratio amino acid 
clearance/creatinine clearance increased in direct proportion to the plasma con- 
centration. In experiments 11 and 12 urea clearances were obtained. The ratio 
urea clearance/creatinine clearance was constant throughout the control periods, 
as well as during the infusions of casein hydroU'sate. 

A maximal rate of tubular transfer for alpha-amino acids could not be demon- 















TABLE 3 

Results of continuous intravenous infusions of casein hydrolysate in normal dogs 


URINE 

FLOW 

MGil./lOO CC. 

MAXntuar 

CLEARANCE 

(CC./MIN./SQ.M.) 

RATIO 

CLEARANCES 

AMINO ACID N (MGM. 
/too CC. OF GLOMERU- 
LAR filtrate/sq.m.) 

Creatinine 

Amino Acid 
N 

UreaN 

Plasma 

Urine 

Plasma 

Urine 

Plasma 

Urine 

Creat- 

inine 

Amino 

Acid 

Urea 

< si 

< s 

u 

UREA 

GREAT. 

Fil- 

tered 

Ex- 

creted 

Reab- 

sorbed 


Experiment 10 


minutes 

0 

20 


64 


101 


cc./miH.j II II 

Gavage with 600 cc. water and 0.33% creatinine to dog 963 (15.9 kilo, S.A. = 
0.6846) 

Continuous I.V. with 2.5% casein l^drolysatej (0.17% NH 2 N) 0.25% creati- 
nine at 10 cc. per minute 


35-43 

4.3 

15.1 

246 

10.89 

1 2.o| 


i 

1 

1 

101 

43-54 

5.8 

16.4 

248 

10.89 

00 



127 

54-63 

5.2 

17.8 

246 





105 


1.2 

3.7 


0.012 

0.029 


10.89 

10.89 


0.12 

0.32 


10.77 

10.57 


Continuous I.V. with 5% casein hydrolysatef (0.34% NH 2 N) 0.25% creati- 
nine at 10 cc. per minute 


76-85 

4.9 

20.6 

370 

16.82 

11.5 



128 

85-95 

4.7 

21.6 

350 

16.82 

17.3 



111 

95 -ioa 

6.2 

22.3 

320 





130 


4.9 

7.1 


0.038 

0.084 


16.82 

16.82 


0.64 

1.08 


16.18 

15.74 


Continuous I.V. with 7.5% casein hydrolysatej (0.51% NHoN) 0.25% creatinine 
at 10 cc . per minute 


110-120* 

12.0 

26.5 

201 

1 

40.75 

71.4 



133 

30.7 


0.231 


40.75 

9.41 

31.34 

120-128* 

14.0 

28.5 

154 

40.75 

78.8 



no 

39.5 


0.359 


40.75 

14.65 

26.10 


Experiment 11 


0 Gavage with 400 cc. water to dog 395 (13.1 Idlo, S.A. = 0.5894) 

32 Continuous I.V. with 0.25% creatinine in 5% glucose in saline at 10 cc. per 
minute 


73-88 

88-103 

110 


1.8 

10.6 

352 

3.00 

0.4 

5.34 

104 

103 

0.4 

60.5 

0.004 

0.59 

3.00 

0.01 

2.1 

11.1 

0 

0 

2.80 

1.2 

5.19 

no 

127 

1.5 

74.2 

0.012 

0.59 

2.80 

0.03 


Continuous I.V. with 5% casein hydrol 3 ’-sat&§ (0.34% NH^N) 0.25% creatinine 


at 9 cc. per minute 


130-145 

2.1 

15.0^ 

600 

8.95 

24.7 

5.95 

181 

140 

9.7 

106.6 

0.069 

0.76 

8.95 

0.62 

145-155 

3.5 

16.1 

578 

10.00 

29.4 

7.20 

104 

213 

17.5 

85.7 

0.082 

0.40 

10.00 

0.82 


Experiment 12 


0 

45 

53 


Gavage with 400 cc. water to dog 395 (13.1 kilo, S.A. = 0.5894) 

Continuous I.V. 5% glucose in saline at 8 cc. per minute 
Continuous I.V. with 10% casein hydrolysate§ (0.68% NH 2 N) at 8 cc. per 
minute 


58-73 

1.4 

13.0 

530 





97 








73-88 

1.9 

18.3 

661 

17.70 

60.4 

14.00 

300 

115 

10.8 

68.0 

0.094 

0.59 

17.70 

1.66 

16.04 

88-98 

5.0 

25.8 

330 

24.70 

83.3 

15.90 

114 

108 

28.5 

60.6 

0.264 

0.56 

24.70 

6.55 

18.15 

98-108 

4.2 

27.2 

397 

26.50 

59.1 

17.50 

152 

104 

15.9 

62.0 

0.153 

0.60 

26.50 

4.04 

22.46 

108-1141 

5.2 

33.5 

323 

33.50 

59.2 

19.90 

119 

85 

15.5 

52.5 

0.183 

0.62 

33.50 

6.12 

27.38 


* Vomited. f Infusion rate 15.5 cc./min. f pH 4.58. § pH 5.60. 
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strated at the plasma amino acid concentrations reached, about tenfold the fast- 
ing level, with cither dl-alaninc or casein hydrolysate (%. 1). An unexpected 
finding was the similarity of the pattern of tubular reabsoriition of such different 
substances as di-alanine and casein hj'drolysaie. Progrc.ssivc increase in the 
amount of amino acid excreted paralleled the rise in })lasma amino acid N con- 
centration, and at high plasma amino acid X levels (30-10 mgm./JOO cc,) rcab- 
sorption varied from G4 to 81 per cent. Xo evidcnc<; of active tubular excretion 
was noted. The ability of the renal tubnie.s to reabsorl'j ali)ha-amino .acids from 
the glomerular filtrate was remarkably efficient. 
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PLASKA AKIHO ACJD N MGS. PER 100 CC. 


Fig. 1. Relation between plasma amino acid N concentration and amounts of amino 
acid N reabsorbed from the glomerular filtrate (per 100 cc. per sq.m.). The diagonal line 
represents complete tubular reabsorption from the glomerular filtrate; the solid dots data 
obtained during the infusion of dl-alanine and the open circles during the infusion of casein 
hydrolysate. 


Co:uxrEx'T. Shannon (1942) reccntl}" re-viewed the literature concerning renal 
tubular transfer. 'With regard to glucose (Shannon and Fi.scher, 1938) and 
ascorbic acid (Ralli et ab, 1940) adequate studies have demonstrated thatamaxi- 
' mal rate of tubular reabsorption exists. The question of a maximal rate of 
tubular reabsorption of inorganic phosphate has not been settled (Hariison and 
Harrison, 1941 ; Ollayos and 'Winkler, 1943). The experiments reported here fail 
to demonstrate a maximal rate of reabsoiption for alpha-amino acids with plasma 
levels up to ten times the normal fasting value. The limited data presented 
suggest, however, that the maximal rate was approached. It should he appre- 
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dated that although the test materials were dl-alanine, gb'cine and casein h}’’- 
drob'sate, the substance measured in the blood and urine was alpha-amino acid 
N. Hence the clearances should be thought of as alpha-amino acid clearances. 

Tubular reabsorption of active metabolites can be measured reliably only if 
the plasma concentration of the substance studied does not vary significant!}' 
during the period of observation. Since the avidit}’’ of the liody tissues for amino 
acids results in very rapid alteration of plasma concentration it may lie ques- 
tioned whether amino acid clearances determined in the conventional fashion are 
valid. The reliability of the data for reabsorption is dependent on the speed 
with which equihbrium is reached between the tuliular cells and the glomerular 
filtrate. In our experiments short urine collection periods were selected in an 
attempt to minimize the effect of the unavoidable rapid alterations in plasma 
concentration. 

Interpretation is further clouded by the rapid chemical interchange within the 
liody. As Schoenheimer and his co-w’orkers have shown (1942), amino acids may 
undergo immediate chemical transformations, such as deamination, transamma- 
tion, and reamination, wiiich allow' rapid exchange of ingested or infused amino 
acids with the liody pool. If rapid transamination occurs it is evident that 
alpha-amino acid N measured in plasma and urine even at short intervals after 
injection of dl-alanine need not truly reflect the concentration of dl-alanine. In- 
mediate chemical transfoimation would seem to offer an adequate explanation for 
the similarity of tubular reabsorption observed after administration of such 
different substances as dl-alanine and casein hydrolysate. 

SUMMARY 

The urinary excretion and reabsorption of alpha-amino acid following oral and 
intravenous administration of dl-alanine and of casein hydrolysate, with plasma 
levels of alpha-amino acid N up to ten times the normal value, follow a uniform 
pattern in the normal dog. At normal plasma amino acid N concentration the 
renal amino acid clearance was usually less than 1 cc. per sq.m, per min. Pro- 
gressive increase in the amount of ammo acids excreted in the urine paralleled 
the rise in plasma amino acid N concentration w'ith resultant high amino acid 
clearances. The efflciency of the renal tubules in reabsorption of amino acids 
from the glomerular filtrate w'as remarkable; even at very high plasma amino 
acid N concentrations as much as 64 to 81 per cent was reabsorbed. A maximal 
rate of tubular transfer was not demonstrated for either substance at the plasma 
concentrations attained, and there was no evidence of tubular excretion of amino 
acids. 

The ratio urea clearance/creatiiiine clearance remamed fixed during the pro- 
gressive increase in both plasma amino acid and urea concentrations. In con- 
trast the ratio amino acid clearance/creatinine clearance increased with tlie rise 
in plasma amino acid. 

We wish to express our appreciation to Dr. James A. Shannon for his lielpful 
criticism and advice. 
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The purpose of the present investigation Avas to study the effect of thyroid 
hormone on the maximum rate of absorption of glucose the renal tubules of 
the dog. Our interest in this problem goes back to the observation (1) that the 
hj^perthyroid state in the rat induces, apparently in a specific manner, a marked 
increase in the rate of absorption bj’’ the intestine of glucose and of other sub- 
stances susceptible to phosphor jdation. We were interested to learn Avhether 
or not the thyroid hormone has the same effect on the rate of absorption of glu- 
cose by the renal tubules. Also, it might be pointed out that when these studies 
were initiated little had been published concerning the endocrine control of the 
tubular transfer of organic solutes . Since that time several papers have appeared 
that deal Avith this phase of renal physiologj'^ (2) (3) (4). 

Early in the work when it seemed certain that thyroxin did accelerate the 
maximum rate of the tubular absorption of glucose, it became apparent that a 
study of the effect of thyi'oxin on the rate of the tubular transfer of a second sub- 
stance shoAving a maximum rate of transfer might help to shed light on the mech- 
anism Avhereby thyroxin exerts its effect. To these ends Ave have studied the 
influence of thyroid hormone on the maximum rate of transfer of diodrast (DTm) 
and of glucose (GTm)- 

Methods. The ma:jdmum rate of the tubular transfer of glucose Avas deter- 
mined by the procedure outlined by Shannon and Fisher (5). The creatinine 
clearance was employed as a measure of the rate of glomerular filtration. The 
maximum rate of transfer Avas determined as the difference betAA'een the amount 
of glucose filtered through the glomeruli each minute and the amount of glucose 
excreted during the same period. 

Three AA’^ell trained unanesthetized female dogs weighing betAveen 15 and 17 
Idlos Avere used. Adequate diuresis aa'es obtained through the administration of 
40 cc. of Avater per kilo of body Aveight by stomach tube about 1 hour prior to the 
start of the initial urine collection period. Desirable concentrations of glucose 
and of creatinine in the plasma Avere obtained by a priming intravenous injection 
of a solution of these substance in physiological salt solution. The plasma con- 
centrations Avere maintained at a constant level throughout the experimental 
period by a constant intraA^enous injection of a second solution of these chemi- 
cals.2 When it AA^as found desirable to determine the maximum rate for the tubu- 

^ Aided by a grant from the Christine Breon Fund for Medical Research. 

® A relatively inexpensive and very serviceable pump for this purpose was constructed 
by the Industrial Instrument Company, 116 New Montgomery Street, San Francisco, 
California. 
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lar excretion of diodra.st , this Kub.ctance in calculated amount h, was added to both 
i lie priming and t be constant 1 y infused solutions. An arterial blood sample was 
obtained foi' each urine collection period. All blood samples were obtained 
appro.ximately 2 minutes 1)efore (he mid-point, of the urine collection period. In 
tin.-- fashion (4) one may correct for the effect of any changes in the pla.sraa 
concentrations <jf glucose, creatinine, or <liodra.st. However, little ditficullA' v,'a.s 
e.xperieneed in m.-iintnining the plasma concentrations at le’/els that were con- 
.stant within the limits rejiorted liy Shannon and co-workens (4) (.5). The 
concentration of creatinine was maintained at pla.sma levol.=: between 2.5 and 40 
mgm. per cent . The plasma gluco.se was maintained at .such a level that the ratio 
of the amount of glucose filtered through the glomemU to the amount of gluco.se 
ab.sorbed by the renal tubules lay between 1.5 and 2.5. In general, the plasma 
gluco.so was maintained constant at levels that ranged between 200 and GOO mgm. 
per cent. The concentration of diodrast was maintained near the 20 mgm. per 
cent level. Urine was collected by catheter and the last traces were removed by 
washing the bladder with 100 cc. of plu'-siological .salt solution at bod^' tempera- 
ture. Each collection period extended Ihrongb an e.xactly timed period of about 
twenty minute.s. The first period wa.s .started between 30 and 40 minutes after 
beginning the con.stant intra'^'cnon.s infusion. 

Creatinine was determined on tungstic acid filtrates of plasma and on un- 
treated, dilutcfl urine by the method of Folin and Wu (1919). Interference due to 
the presence of gluco.se was avoided by following the precaution.s observed bj' Shan- 
non and Fisher (5) . Plasma gluco.se was determined as the difference between the 
reducing value of a tungstic acid filtrate before and after fermentation by yeast ac- 
cordingto the method of Hagedom and Jensen (6). Urinary glucose wa.s deter- 
mined on a filtrate prepared according to Wc-st and Peterson (7). The Hanes (8) 
modification of the Hagedorn and Jensen method was used to detennine the re- 
ducing value before and after treatment with yeast. Diodrast was determined 
on tungstic acid filtrates of plasma and on diluted sample.s of urine according to 
the method of Alpert (9). Tests were conducted to shmv that the presence of 
glucose and creatinine did not interfere Avith the accuracy of the deteimiination of 
diodrast. Diodrast Tm was calculated as the difference between the amount of 
diodrast excreted per minute and the product of the creatinine clearance and the 
plasma concentration of filterable diodrast. The latter value was calculated 
from the total plasma diodrast according to the method and figures of Smith and 
Smith (10), In order to make the.se calculations it is necessary to know the con- 
centrations of plasma albumin and total plasma proteins. These were deter- 
mined according to the method of Kraus (11). 

The experiments were planned so that each animal served as its oaati control. 
First, several .series of determinations were made on the animal in the normal 
state. The animal was then rendered hyperthyroid through the daily feeding of 
large do.se.s of Armour’s desiccated thyroid substance or through the subcutaneous 
injection of synthetic dl-thyroxin. Dosage and duration of administration are 
reported in table 1. When an increase in pulse rate and rectal temperature was 
accompanied by diuresis and a loss of weight as indications of a hyperthyroid 
.state, a second .serie.s of determinations was made. 



TABLE 1 

Creatinine clearance, glncose Tm, diodrast Tm, and rectal temperature in normal and 

hyperthyroid dogs 





1 

s 

Ui 




< 

e 

bi 

H Q 

2 « 


s 

< 

DOG 

DATE 

STATE OF 
ANIMAL 

o 

£ 

S 

5 

S] 

tA 

< 

6 

« 

H 

w > 

> ts 

H 

Ps- 2 ~ 
O Z ?? 

DOSE OF THYEOID HOKMONE 

Q 

o 




g tn 
a 

H < 

< W 
» a 

o 

o 

p 

g 


fft « ^ 

w g w 

c Q ^ 

hi 


Q w 

2 tn 

Sp 




z 

u 

o 

b 

X 


z 

■ 




cc.tir.in. 

mgm./ 

min. 

mgm.h/ 

min. 

'C. 

Kilo 



H 

10/10/40 

Control 

2 

01 

187 


39.1 





10/24/40 

Control 

2 

59 



39.2 





1/29/41 

Control* 

3 

06 



38.0 





Average 



03±4t 



39.0 





11/ 9/40 

H 5 -perthj’roid 

3 

09 

211 


39.0 


5 grams thjToid substance 

5 


11/19/40 

Hj-perthyroid 

3 

74 

224 


39.0 

1.4 

5 grams thj’roid substance 

15 


11/28/40 

HyperthjToid* 

3 

C5 

101 


39.5 

1.4 

5 grams thjroid substance 

24 


2/24/41 

Hyperthyroid* 

3 

u 
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39.6 


6.4 grams thyroid substance 

21 


Average 



70±4 

197±27 


39.6 






HypcrthjToid 
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39.0 

I.O 

20 mgm. Thjroxin 
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HjTJOrthjToid 
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2S7 


39.5 

1.6 

20 mgm. Thjroxin 
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10/10/41 

Hyperthyroid* 
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2_49 


39.3 
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20 mgm. ThjToxin 
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Average 
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39.4 




B 

2/12/41 

Control 

3 

54 

ISO 


38.2 


t 



8/12/41 

Control 
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Control* 
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05 
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1 month after termination 
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3 months after termination 
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Control 
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10.1 

38.3 
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Control 
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8^8 

38.6 





Average 



52±7 

174±10 

8.9±1 

38.3 





3/27/41 

Hj'perthjToid 

3 

69 

235 


39.2 


6 grams tlijToid substance 

20 


4/ 3/41 

HyperthjToid-* 

3 

00 

170 


39.3 

1.4 

7 grams thjroid substance 

34 


4/ 7/41 

HyperthjToid 

2 


2J3 


39.0 


7 grams thj’roid substance 

38 


Average 



60±4 

207±29 


39.2 
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Hj’perthjToid* 

5 

65 

217 


38.9 

1.2 

10 mgm.| o^n ( 

10 










20 mgm.) 1 
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10/22/41 

Hj’pcrthjToid* 

6 

74 

209 


39.2 

1.8 

40 mgm. Thjroxin 

7 


10/27/41 

HyperthjToid 

4 

76 

265 


39.2 

2.0 

40 mgm. Thjroxin 

11 


10/29/41 

HyperthjToid 

3 

79 

211 


30.4 

2.0 

40 mgm.l Thyroxin | 

11 










20 mgm.J [ 



3/19/42 

Hj’perthjToid 

3 

76 


19.1 

39.1 

1.0 

45 mgm. Thj’roxin 
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3/2C/32 

Hj’perthjToid 

3 

76 

212 

23.1 

39.3 

2.5 

45 mgm. Thjroxin 

10 


3/31/42 

Hj’perthjToid 

3 

74 

22G 

15.0 

39.3 

2.0 

45 mgm. Thjroxin 

13 


Average 



74±5 

224±29 

19.1±3 

39.2 
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13.5 
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11.2 
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Control 
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03 


12.3 
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Average 



03±2 

214il3 

I2.4±l 

38.5 





5/22/42 

Hj’perthj’roid 

3 

90 

311 

16.1 

39.0 


40 mgm. Thjroxin 

5 


5/25/42 

Hj’perthjToid 

3 

92 

358 

20.5 

39.3 

0.4 

40 mgm. Thjroxin 

8 


Average 



91±3 

335±25 

18.3±2 

39.2 





* In these experiments the perfusion fluids contained a sufficient amount of neutralized succinic acid so that the 
animals received 120 mgm. succinic acid per minute, 
t Mean values and standard deviations. 
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Ihc; rectal temperature f)f both the normal and hyjjcrfln'roid animal was ob- 
served closely and is re[)orted in the data. 'I'he animal in the hyporthyroid state 
reooived the .same amount of a Cou-gill’.s diet as in the normal condition. During 
the hyperthyroid period the diet was fortified with extra amounts of thiamin. 
To avoid lowering the body temperature all fluids were administered at a tem- 
perature of about 37°. 

Tksui.t.s A\n DISCUSSION. "I he results are presented in table 1, In order to 
conserve .space only the aA'crago of the data for the .several pcriod.s of a given 
experiment is given. 1 lie number of pcriod.s in a given experiment is indicated. 

The data for the animals in the normal slate .stand in good agreement •ndth that 
of previous workers (2) (4) (5), and confirm the ob.servation (4) that the mecha- 
nism involved in the transfer of glucose is quite stable. 

The data for the thyroxinized animals show quite clearly that the administra- 
tion of tlnToxin leads to a definite increase in the creatinine clearance, the glucose 
Tn, and the diodmst T„. The feeding of thyroid substance did not have as 
marked an effect on the glucose T„ as did the administration of thyroxin al- 


I’ABLE 2 

Comparison of data for normal and hyperthyroid ani7nah 
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1 
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•c. 

A 1 

Thyroid substance 

11 

0 


-f.6 


Thyroxin 

21 1 

40 


+ .4 


Thyroid substance 

27 



+ .9 


Thyroxin 

42 


115 

+ .9 

C 

Thyroxin 

45 

1 

.50 

4S 

+ .7 


though the clinical signs of hyperthyroidism and the ri.se in rectal temperature 
were about the same under both types of therapy. The results relative to the 
influence of th 3 Toid hormone on the diodrast confirm the work of Heinbecker, 
Rolf and White (12) which appeared during the preparation of this manuscript. 
In table 2 the data for the animals in the hj'perthyroid state are given in terms of 
the per cent increase over the data for the normal animals. 

Since the data relative to the changes in the rate of glomerular filtration, as 
measured by the creatinine clearance, maj' be explained on the basis of an altered 
glomerular d 3 mamics (13), our attention will be confined to the changes in the 
maximum rates for the tubular transfer of glucose and diodrast. Increases in the 
rate of flow of blood have little or no effect on the magnitude of the glucose T„ 
and the diodrast Tn (14). 

The observations relative to the effect of thyroxin, and to a lesser extent of 
th 3 Toid .substance, on the rates of maximum tubular transfer stand in relation to 
the work of White, Heinbecker and Rolf (2) in the h 3 Tpophysectomized dog. 
These investigators have .shown that within seven da 3 's after h 3 'pophysectomy. 
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the diodrast Tn maj'' fall to 50 per cent of the normal value. The diminution of 
diodrast Tn. is accompanied bj’’ a decrease in the renal blood flow. A further 
drop in the rate of the tubular excretion of diodi’ast is observed subsequent to the 
initial drop. Due to the early onset of the effect of hypophj’-sectomy, the authors 
suggest that the changes that were noted are to be attributed to a direct effect of 
the removal of the h 3 ^pophysis and not to a secondaiy change in other endocrine 
glands. Although a large share of the immediate drop in the diodrast Tn maj'' 
be explained bj’- a diminished renal blood flow, the demonstrated effects of tlty- 
roxin on the maximum rates for the transfer of both glucose and diodrast suggests 
that the subsequent fall in the tubular excretion of diodi’ast effected by hypophy- 
sectomj^ ma}^ be attributed to a decrease in thyroid activity. In this connection, 
it has been demonstrated that the subnormal rate for the intestinal absorption of 
glucose shovTi b}’’ the hypophysectomized rat can be restored to normal thi’ough 
the administration of verj^ small doses of tliju-oxin (15). Heinbecker, Rolf and 
White (12) have shown that both thyroid extract and a hypophyseal extract 
produce a marked increase in the diodrast Tn in the normal and in the hypophy- 
sectomized dogs. In the light of these observations it would be interesting to 
leai’n the effect of hypoplyseal extracts on the thju’oidectomized dog. 

A question arises concerning the mode of the action of thyroid hormone on the 
maximal rates of tubular transfer. The follovdng factors are conspicuous among 
those that maj'- be involved: a, opening of previously inactive nephrons; 6, hyper- 
trophj'- of the existing renal tubules; c, increase in functional activity of tubular 
tissue due to a rise in temperature, and d,a cataljdic effect of tlyroid hormone on 
the cellular mechanisms involved in the transfer processes. In view of the fact 
that the maximal rates for the tubular transfer of glucose and diodrast are em- 
ploj^ed as measures of the number of open glomeruli and of the amount of active 
tubular tissue (14), it is important to attempt to ascertain whether the effect of 
thju’oxin is due to an increase in the effective tubular mass (a and/or h) or to an 
increase in the functional capacity of a given tubular mass (c and/or d). 

It is liighlj’’ improbable that the effects of thj'-roxin are to be attributed to the 
opening of previously inoperative nephronic units. It has been shown from 
histological studies that all of the glomeruli in the kidneys of the normal dog (16), 
as well as of the hypoph 5 '-sectomized dog (2) are functioning continuously. The 
stability of the glucose Tm and the diodrast Tn in the normal animal during 
experimental procedures involving marked changes in the rates of glomerular 
filtration and renal blood flow also speaks against the inactivity of a significant 
number of nephrons (4) (14). 

It is now well established that several of the products of the endocrine glands 
exert a renotropic effect (17). According to Swann (18), the administration of 
thyroxin to rats for a period of a month may lead to a 35 per cent increase in the 
weight of the kidnej'-s. The work of MacKay and MacKaj^ (19) suggests that 
even greater increases in kidnej'- weight maj^^ be expected from thyi’oid feeding. 
Inasmuch as the data indicating an increase in the size of the kidney due to thj’-- 
roid therapy are reported in terms of wet weight, it is not knovm to what extent 
the increase in weight may be attributed to an increase in active tubular mass 
and to what extent it may represent an accumulation of fluid. In any event it 
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M'ould socm problematical M-hetber or not a ronolropk; cfTecl from thyroid hor- 
mone can be considered ajxirt- frtjin an increase in the functional activity' of the 
tubular mass The data of Addis (20) strongly suggest “that the stimulus to 
gi-owtb of the nephron may lie in the relation between the oxygen consumj^tion 
required for vork and the cell mass engaged in work.” Ihdasco (21) has demon- 
strated that an increase in the functional activity of the kidney, measured by 
oxygen consumption, acconqianies the increase in wet weight induced by tliy- 
roid feeding. It is presumed that any hypcrtroi)hy that may have occurred in 
our animals is a .‘^tructuial adajUation to the increase in activity occasioned by- 
thyroid hormone. 

According to Shannon (22), the important characteristics of a transfer process 
may be accounted for if we as.sume that the solute in question enters into a rever.s- 
ible and transitory combination with a cellular constituent that is present in 
limited amount. The rate of a transfer process involving such a sequence of 
chemical reactions is expected to be dependent upon several variables. Studies 
(23) conducted on the human l)cing indicate that a rise in rectal temperature of 
one degree Fahrenheit increases the rate of the tubular transfer of glucose 10 per 
cent. According to the.se data, and u.sing rectal temperature as a criterion of the 
change in body' temperature, the small changes in the rectal temperatures ob- 
sen'ed in the hyperthyroid animals are not sufficient to account for a significant 
share of the increase in the maximal rates of transfer of glucose and diodrast. 
As is seen in table 2, and considering only the animals treated u-ith thyToxin, the 
greatest increase in rectal temperature (0.9°) was not sufficient to account for 
more than a 15 per cent increase in the rates of transfer, yet the values for the 
glucose T„ increased betAveen 29 and 50 per cent and the values for the diodrast 
Tm increased 48 and 115 per cent. It should be borne in mind, however, that 
the changes in the temperature of the kidney' may' exceed those of the rectum (24). 
However, the data for the animals treated with thy'void substance militate against 
the possibility that an increase in the temperature of the kidney' may have ac- 
counted for the increase in glucose T„ and diodrast T^. Although the animals 
treated with thyroid substance showed the same rise in rectal temperature (and 
presumably, in Iddney temperature) as the animals treated with thyroxin, the 
change in the rate of transfer of glucose was not nearly so marked. 

While an increase in the temperature of the kidney, together with a functional 
hy'pertrophy,® may be sufficient to account for the increases that were observed, 
a change in the rates of the transfer processes (glucose and diodrast) due to a 
direct effect of thyroid hoi-mone on the transfer mechanism is supported by 
previous M'ork. Studies (1) conducted on the rate of absorption of various 
substances by the intestine showed that administration of thyToxin increased, 
and thyToidectomy' decreased, the rates only' in the case of those substances 
showing an active absorption by a mechanism generally considered to involve 
phosphoi-y'Iation. An attempt was made to exclude, as causative factors, such 
variables as the empty'ing time of the stomach, temperature, rate of blood flow, 

2 The observation made in this laboratory that thyroxin does not increase the rate of 
the tubular absorption of galactose, a substance which is absorbed passively, does not 
speak favorably for a marked hypertrophy of the renal tubules. 
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peristaltic activity, etc. It was concluded that thjToxin influences the rate of 
absorption of substances susceptible to phosphoiylation. 

Although it is unlikel}’' that the transfer of diodrast is mediated by the same 
mechanism that is involved in the transfer of glucose, it is reasonable to suppose 
that any effect of th 3 TOxin accounting for an increase in the activity'' of the mech- 
anism involved in the transfer of glucose should account, also, for an increase in 
the transfer of diodrast. According to the hj^pol^hesis advanced bj'" AVilbrandt 
and Laszt (25), and emploj'-ed bj”- Lundsgaard (26) and others, the active absorp- 
tion of glucose is dependent upon its conversion to hexosephosphate in the 
epithelial cells (27). In this manner there is obtained a steep gradient for the 
diffusion of the sugar across the membranous barrier proximal to the lumen. 
H 3 '^drol 5 ’’sis of the ester must occur before the sugar reaches the circulation. 
Recent evidence (for reviews see (13) (28) (29)) supports the view that glucose 
is phosphoiylated b 3 ’’ the epithelial cells of the intestine and the proximal renal 
tubules. Although phlorliizin inhibits the transfer in the renal tubules of dio- 
drast (30), as well as of glucose (26), it is improbable that obligate phosphoryla- 
tion is involved in the transfer of this molecule. The portion of the molecule 
susceptible to phosphor 3 dation is attached to the iodine containing moiety onl 3 '' 
through an electrostatic linkage. The substances that are considered (31) to 
compete with diodrast for a cell constituent involved in the transfer mechanism 
are not substances that are loiown to lie phosphoiylated b 3 ’’ tubular tissue, such 
as glucose, but are substances (phenol red and hippuran) that are equalty unlikely 
to be phosphoiylated. • It has not been demonstrated, however, that phosphate, 
in the sense of the hypothesis of Shannon, is the cell constituent involved in the 
transfer of glucose, and that obligate phosphoiylation is concerned in the transfer 
of glucose. A^erzar and Sullmann (32) and others have suggested that the 
increase in the various acid-soluble organic phosphate fractions in the mucosal 
epithehum that accompanies the absorption of glucose ma 3 '’ represent onl 3 ’' an 
adventitious phosphoiylation occasioned by an increase in cell activity and 
the presence of a plethora of substrate. Lipmann (29) has pointed out that a 
cellular mechanism of transfer dependent upon a change in diffusion gradient 
due to obligate phosphoiylation would represent a poor utilization of phosphate 
bond energ 3 L Also, the localization of phosphatase in the epithelial cells of 
the proximal tubules (29) is not such as to inspire confidence in such a mecha- 
nism (33). 

The data relative to the effects of th 3 Toxin on the diodrast Tm and glucose Tm 
may be brought into accord, however, if the role of phosphoiylation as a trans- 
mitter of oxidative energ 3 ’’ (28) (29) (34) is stressed, and no attempt is made to 
define the specific mechanisms (glucose and diodrast) whereb 3 ’- this energ 3 ’' is 
utilized. Such a view does not exclude the possibilit 3 ’’ of the involvement of 
obligate phosphor 3 dation in some phase of the transfer of glucose; it does, 
however, allow for a more general use of the energ 3 ’' transmitted b 3 ^ wa 3 '' of liigh 
energy phosphate bonds. The effects of phlorhizin (35j (36) are equalty well 
explained. 

Kalckar (35), Colowick, Kalckar and Cori (37), and Ochoa (38) have sliown 
that the phosphoiylation that occurs in homogenized kidne 3 ^ and other tissues 
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is coupled M-ith respiration. In the.sc preparations tlie eiiergj^ made available 
throngli the oxidation of .suitable .sub.strate.s is transferred, via tlie adon^dic 
acid sy.stem, to glucose and other substances .susceptible to pho.sphoiA'lation 
as pho.sphatc bond energy’. Undoubtedly the tmn.sfer of oxidation energy is 
made to better puiposc in the organiz-ed cell, i,c,, .such energy might be tran.s- 
ferred to the mechanism.s involved in the active transfer of solutc.s. According 
to these data it. is possible that, the well known elTcct of thjToxin on re.spiration 
can account for an increase in the rate of transfer of fuiergy by way of the adeny- 
lic .sy.stem to the mechanisms involved in the transfer of gluco.se, diodrast, and 
other substance.s. It is attractive to consider that the thyroid hormone exerts 
its effects upon some part of the sx'stem involved in the transfer of phosphate 
energj’ and in this way e.xerts it.s characteristic control over the rate of oxygen 
consumption. 

It is propo.sed that thyroid hormone influences the activity or ar'ailability of 
one of the factors involved in the transfer of phosphate bond energy. Data are 
available that e.xcludc the pos.sibility of a change in the status of two of these 
factors. Earlier studies (33) carried out in this laboratory on the intestinal 
mucosa demonstrated that the state of the actixitj’’ of the thyroid docs not 
influence the concentration of adeno.sinetriphosphate. The concentration of 
the 7 minute hydrolj'zable phosphate in the mucosa during the absorption 
of glucose, is the same in the normal, the hyperthyroid, and the tlnToidectomized 
animal. The data shown in table 1 relative to the influence of succinic acid 
on the glucose revindicate that a deficiency of an c.ssential, easily oxidized 
substrate (39) cannot account for the limitation of the maximum rate of transfer 
in the nonnal animal. The addition of succinic acid to the perfusion fluid did 
not alter the magnitude of the glucose Tm in the normal animal. The effect 
of succinic acid on the tubular transfer of the animal in the hyperth 5 Toid state 
was toward a decrease in glucose Tm- 

The possibility of the involvement of a third factor is rendered probable bx’' 
the recent studies of Bailey (40) and Dubois and Potter (41). The work of 
these investigators lends support to the role of adenosine-triphosphatase as a 
cataly.st in the transfer of phosphate bond energy. Changes in the concentration 
or activitj'- of this enzjme, due to an influence of th 3 Toid hormone, could account 
for an increase in the rate of transfer of energy and in the rate of utilization of 
oxygen. This possibility is being studied at the pre.sent time. 

SUMXIAKY 

1. A study was made of the effect of thyroid therapy on the rates of transfer 
of glucose and diodrast b\' the renal tubules of the dog. 

2. Administration of thyroxin led to a marked increase in the creatinine 
clearance, the glucose Tm, and the diodrast 

3. The possible causes of the effect of thjToxin are discussed. 

4. It is suggested that thyroxin exerts its effect on the maxdmum rates for 
the transfer of glucose’and diodrast, as well as its characteristic effect on respira- 
tion through activation of the sj^stem involved in the transfer of phosphate 
energy, possibly through activation of adenosinetriphosphatase. 
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It is 'WTth pleasure that we acknowledge the benefits gained from discussions 
■with Drs. E. M. Anderson and William T. Salter. 
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Rcccix’od for publicjition October 21, 1013 

Abundant experimental evidence has accumulated which leads to the con- 
clusion that a humoral mechanism is involved in the pyloric (or gastric) phase 
of gastric secretion. However, although the gastric juice of the gastric phase 
normall}' has a moderate pept ic activitv, the juice secreted in response to gastrin 
or histamine, the supposed gastric hormones, is veiy low in peptic power. 

A possible explanation for the difference in composition between “pyloric 
phase” juice and “gastrin” juice is that in addition to the known humoral princi- 
ple which is appaventi}' .specific for the parietal colls, there may exist another 
humoral principle which is .specific for the chief cells. Since the pyloric and 
intestinal phases of gastric secretion generally overlap, ranch of the pepsin of 
the pyloric phase may be the result of stimuli arising in the int&stine. The 
e.xperimeuts of Pratt (1940) and Babkin and Komarov' (1941) .suggc.st that the 
small inte.stine may be the site of elaboration of a hormone hav'ing pepsigogue 
effect. Pratt reported that the administration of Agren’s secretin resulted 
in the secretion of pepsin. Babkin and Komarov (1941) and Bucher and 
Greengard (1942), using their own preparations of highly purified and crystalline 
secretin, could not confirm Pratt’s results. Babkin and Komarov, howev’’er, 
were able to prepare extracts of duodenal mucosa which had a low pancreatic 
but a pronounced pepsigogue effect and concluded that the secretin used by 
Pratt probably was contaminated by an intestinal pepsigogue. 

In the present experiments we attempted to determine whether a pepsigogue 
effect could be elicited by means of acid instilled into the small intestine. Acid 
was chosen as the stimulus since it normallj'' enters the intestine during the 
course of gastric secretion. In addition, other “digestive hormones” of the 
small intestine (secretin, cholecystokinin, enterocrinin, viUikinin) are said to be 
elaborated following the instillation of acid. 

AIethods. Three dogs equipped with a Pavlov’ pouch of the stomach and 
one vuth a Heidenhain pouch were used. The Pavlov pouches were prepared 
by the technique described elsewhere (Thomas, 1942). In addition to the gastric 
pouch, each dog was also provdded with cannulated gastric and duodenal fistulas 
(Thomas, 1941). Acid was instilled continuously at a constant rate into the 
bulb of the duodenum bj'^ means of a rubber tube passed through the duodenal 
caimula. Samples of duodenal contents for pH determinations were taken ev'ery 
half hour from a point approximatelj’’ 15 cm. distal to the entrance of the acid. 
Determinations of pH were made electrometrically, using a glass electrode. 

1 Aided by a grant from John Wyeth & Brother, Inc. 

2 Ross V. Patterson Fellow in Physiologj' and Gastroentcrologj.'. 
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Peptic activity was measured by a modification of the Mett method which we 
have found to ^ve accurate and reproducible results (Friedman and Bennett, 
1943). Acidities of the gastric secretion were determined in the usual manner. 

The animals were all in good health and kept on a standard diet of ground beef, 
Purina chow, bread, milk, and acid. The acid was introduced with the food 
in order to replace that lost daily from the draining gastric pouch; the volume 
of 0.1 N HCl so fed was approximate^’' equal to the gastric juice lost dail^^ 
Expenments were performed 18 to 24 hours after the last meal and only when a 
control period of 1 to 2 hours revealed that the stomach was in a fasting state. 

The acid introduced into the intestine was of var^dng concentrations, ranging 
from 0.1 N to 0.15 N. In a few experiments blood appeared in the intestinal 
contents during acid instillation; such experiments were discarded. Control 
experiments were perfoimed duiing which 0.9 per cent NaCl was infused into 
the small intestine instead of acid. 

' Results. In the fasting state, gastric secretion from the pouch averaged 
about 3.2 cc. per hour. The secretion consisted chieflj’’ of mucus, the liquid 
portion having a pH of 1.61 to 3.52, a total acidity of about 50 m. eq./l. and a 
pepsin concentration of about 208 units. Acid instillation did not affect the 
acidity of the fasting secretion but apparently did increase the concentration 
and total output of pepsin, but usually only after the intestinal instillation of 
acid was stopped. In one dog the average total output of pepsin was increased 
27 per cent and in another 65 per cent. No consistent effect on the pepsin out- 
put was found when 0.9 per cent NaCl was substituted for the acid. 

The small volume of the fasting secretion and the relatively large proportion 
of mucus made pepsin determinations difficult and the results inconclusive. 
We therefore studied the effect of superimposing the intestinal stimulus (acid) 
on some gastric stimulus (feeding, insulin, or histamine). After determining the 
level of pepsin secretion in response to a test meal, insulin, or histamine, the 
experiment was repeated with the addition of infusmg acid into the intestine. 
Since some of us (Pincus, Thomas and Rehfuss, 1942) had found previously that 
the volume and concentration of acid secreted by the stomach was greatly re- 
duced when the intestinal contents reached a pH of about 2.5 or lower, careful 
determinations of intestinal pH were made to note if a similar intestinal pH 
threshold existed with respect to pepsin secretion. 

Only seven test-meal experiments were performed on the Heidenhain 
pouch dog because a round worm infection developed later and made her unfit 
for further use. 

Influence on 'pepsin secretion in response to a test meal. The standard test meal 
consisted of 300 grams ground beef heart free from visible fat. Various time 
intervals between the feeding and the beginning of the acid infusion were tried, 
ranging from a few minutes to two hours. The infusion of acid into the intes- 
tine ■\vas maintained for periods ranging from 30 minutes (when 60 cc. of acid 
were used) to 2| hours (when 560 to 740 cc. of acid were used). 

A series of representative experiments on Pavlov-pouch dogs is summarized 
in tables 1 and 2. During the period of acid instillation the total output of 
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a’ABLB 1 


Effect of instilling acid into the email intestine on gastric secretion in response to a 

meat meal — Dog “D” 
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TABLE 2 


Effects of instilling acid and saline into the small intestine on gastric secretion 
in response to meat meal — Dog “B” 


netD KSmtCD INTO 
I.STESnsE IMltEDIATriY 
rOLIOSVINO HEAL OF 

300 GEAltS BEEP 

nOITE 

1 

2 

3 

4 

5 



= 



Pepsin 


Pepsin 


Pepsin 


Pepsin 


Pepsin 



c 



e 



c 



c 



g 



c 







3. 









jO 







o 












ft 



rt 



G 

C 


.£ c 

G 

c 


1 

C 

V 

w 

o 

c 

e 

c> 

1 

G 

C 

c 

V 


u 

p 

5 

*5 


£ ft 

2# 


c 

3 

•Ii 

cr 



c 



c 

S’ 


c 

- 


> 

c 

*5 


tj 

o 


c 

6 


0 

o 

> 

sS 

6 


iS 

5 


cc. 


■ 

cc. 

units 

units 

c<r. 

units 

units 

CC. 

Kni<r 


CC, 

units 

units 

cc. 

units 

units 

Con- 



■ 

05.4 

120 

7,S5S 

07.2 

S3 

0.553 

4S.9 

72 

3,534 

33.8 

47 

I.SSS 

27.2 

44 

1.200 

trol, 



■ 
















food 



















only 



I 



















s 

Per cent of 

P<r of 

Per cent of 

Per cee.' 

0/ 

Per ceni of 






control 

control 

control 

cortirol 

control 

0.15N 

740 

2 hr. 

<2,5 

42 

113 

47 

55 

172 

95 

74 

230 

1S2 

^9 

235 

355 

199 

105 

329 

HCl 


43 min. 


















CO 

30 min. 

<2.5 

95 

92 

£5 

100 

90 

93 

107 

100 

103 

119 

110 

122 

97 

111 





















0.0% 



>3.3 

02 

lOS 

99 

110 

90 

105 

123 

S3 

107 

154 

77 

211 




NaC! 


























































































































ACID IN INTESTINE AND PEPSIN SECKETION 


711 


pepsin was increased except Avhen the pH of the intestinal contents fell below 
2.5; then it was inhibited. There was an actual increase in the total amount 
of pepsin secreted and not merely an increase in concentration. Tliis was well 
illustrated by the series of experiments in one dog (table 1) where an increase in 
total output Avas obseiwed during acid instillation even though the volume of 
secretion remained the same or Avas even depressed. 

In all experiments during the period folloAAung acid instillation, when there Avas 
an increased rate of secretion and the intestinal pH AA^as above 2.5, the total 
output of pepsin Avas increased (tables 1 and 2). The increased pepsin output 
resulted in a pronounced increase in the concentration of pepsin in the gastric 
juice, particularly during the first hour or tAvo folloAving cessation of acid instil- 
lation in the intestine; subsequentlj% due to the great volume of juice secreted, 
the concentration fell off somcAA’hat. 

To be effectwe the Amlume of acid instilled had to be fairly large. Sixty cubic 
centimeters during 30 minutes AA’as Avithout effect (table 2) but 180 cc. duiing one 
hour produced a significant increase in pepsin secretion. Distilled Avater and 
0,9 per cent NaCl had no pepsigogue effect (table 2), 

Seven test-meal experiments, three of which included intestinal infusion of acid, 
Avere performed on the Heidenhain-pouch dog. In tAAm of the acid experiments 
the pepsin output Avas increased while in the third it remained unchanged. 
These results, obtained on but one animal, Avliile suggestive, must be regarded 
as inconclusive. 

Influence on pepsin secretion in response to insulin. A standard dose of 14 
units of ciystaUine insulin (Mulford) Avas administered subcutaneously. During 
the secretion period AAdiich followed, acid Avas infused into the intestine as de- 
scribed above. The output of pepsin during the period of actual infusion usually 
was not greater but less than during the corresponding control period. Hoav- 
ever, in all these experiments the intestinal pH Avas loAver than 2.0 and the 
volume of secretion Avas also decreased. Undoubtedly the threshold level for 
inhibition of secretion of pepsin, as observed in the test-meal experiments, Avas 
reached. "When the intestinal pH was betAA’^een 2.5 and 4.0, as it Avas during the 
period of increased secretion folloAving the instillation of acid, both the con- 
centration and the output of pepsin Avere increased. 

Influence on pepsin secretion in response to histamine. Subcutaneous histamine 
injections repeated at ten-minute intervals at a standard dosage level of 2.5 mgm. 
histamine phosphate per hour resulted in a continuous secretion of gastric juice 
at a rate Avhich Avas reproducible in each experiment. 

Under histamine stimulation little pepsin is secreted 1‘rom a gastric pouch. 
Under ordinaiy conditions, during the time that secretion occurs from the 
pouch, the intestinal pH is usually beloAv 2.0 because of the entrance of undiluted 
gastric juice from the main stomach into the intestine. Since this low pH value 
is AAdthin the critical leA^el observed for inhibition of pepsin secretion, it seemed 
possible that the Ioav pepsin values might be due to inhibition from the intestine. 
To test this possibility, experiments AA’ere performed with the gastric cannula 
open so that the gastric juice Avas drained to the outside instead of into the 
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into.st.inc. In control cxpcrimcnls M'illi tlic slomacli draining the pH of intes- 
tinal contents M'a.s usually above 4.0. Wien acid vas instilled the intestinal 
pH ranged from 3.5 to 1.7. However, both dui-ing and following acid instilla- 
tion the pepsin concentration, compared with control e.vperiments, wa.s neither 
increased nor decreased Imt remained uniformly as low as it did in the control 
experiments. 

Discussrox. These e.vperiments demonstrate that, under certain conditions 
the instillation of acid into the .small intc.stine provolies the secretion of pepsin 
by the chief cells of the .stomach. I'he chief controlling factor appears to be the 
pH of the inte.siinal content.s which i.s attained. Our re.suits show pepsin secre- 
tion to ])e stimulated only wlien the inte.stinal j)H is between about 0.5 and 2.5. 
On the other hand, when the pH Ls below about. 2.5, the secretion of pepsin in 
response to food or insulin is inliibiled as is the .secretion of acid. 

The pepsigogue effect of acid instillation into the small intestine was not 
manifest during ga.stric secretion provoked by histamine, in .shaip contrast with 
the results obtained on feeding or administration of in.sulin. Food and insulin 
in themselves stimulate the chief cells while histamine is believed to stimulate 
selective!}' the parietal cells. The chief cells ma}* require to be excited by some 
additional means in order that the pep.sigogne stimulus from the intestine may 
become etfectivc. On tiie other liand, Alley (1935) has reported that the secre- 
tion of pepsin which is e\'oked by sham feeding may be inhibited by hi.stamine. 
The possibility remains that the .secretion of pepsin provoked by acid in the 
intestine is likewise inliiljited by histamine. 

The number of experiments on the Heidenhain-pouch dog were insufficient to 
answer definitelj* the question whether the pejisigoguc effect of introducing acid 
into the intestine involves a nen'ous reflex or a humoral agent such as the “pep- 
sigogue” of Babkin and Komarov (1941). 

Since it has been demonstrated that a .stimulus applied in the intestine maj' 
increase the .secretion of pepsin by the gastric glands, the way is open for con- 
sideration of a possible pepsigogue effect of other stimulants which participate 
in the intestinal phase of gastric secretion. 

SUMM-ARY 

Under certain conditions introduction of acid into the small intestine pro- 
vokes the secretion of pepsin from the stomach. This pepsigogue effect of acid 
in-stillation is absent following the administration of histamine. 
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This investigation is concerned with the nature of the adrenal changes oc- 
curring in black or brown rats maintained on diets deficient in the filtrate factors 
of vitamin B. The stud.y was prompted by the fact that although numerous 
reports of adrenal patholog}'’ in rats fed such diets have been published (1-6), 
the individual groups of animals have been limited in number, the results have 
shown considerable variation in the incidence and character of the adrenal 
lesions, and the deficient diets used have varied in certain respects, particular^'- 
as regards nicotinic acid and choline. In the present stud}'^ a total of 284 black or 
brown rats were fed the filtrate factor deficient diet. The rats were divided 
into 5 groups according to the supplements of nicotinic acid or choline or both 
that were added to the diet. Seventy-four rats served as controls, receiving 
the filtrate factors in the form of a rice bran concentrate- alone or with supple- 
ments of nicotinic acid or choline as given to the deficient rats. In view of the 
fact that atrophj'- and necrosis of the adrenal cortex have been among the 
conunonest of the adrenal lesions reputedly associated with filtrate factor 
deficiency, we have also determined the serum chloride levels in the various 
groups of rats studied. 

Procedure. Rats of the Long-Evans strain, bred in the laboratoiy, were 
used in the experiments. The filtrate factor deficient diet consisted bf casein 
22 per cent, sucrose 64 per cent, primex 9 per cent, and salt mixture 5 per cent; 
1.9 cubic centimeters of cod liver oil was added to 100 grams of this mixture. 
In addition, each rat was given daity 15 megm. each of pyridoxine and thiamin 
chloride, and 45 megm. of riboflavin (table 1). For. the control rats the same 
diet was used and to each 100 grams of diet 15 cc. of the rice bran concentrate 
was added as a source of the filtrate factor (table 2). Five groups of rats on 
the deficient diet (table 1) and 5 groups of rats on the control diet (table 2) 
were studied. 

Group 1, consisting of 108 rats, received the filtrate factor deficient diet with- 
out nicotinic acid or choline. Fifty-four rats were kept on the low salt intake 
(0.064 per cent) and 54 received 1 per cent NaCl solution ad lib. Group 2, con- 
sisting of 60 rats, received the deficient diet and a daily supplement of 0.2 mgm. 
of nicotinic acid. Thirty-two rats of this group were on the low salt intake 
and 28 received the 1 per cent solution of NaCl. The 3 remaining groups on 
deficient diets received the l per cent solution of NaCl. In addition, group 3 
(28 rats) received a daily supplement of 1 mgm. of nicotinic acid ; group 4 (45 
rats) received a daily supplement of 2 mgm. of choline and group 5 (43 rats) 

^ This investigation \vas aided by a grant from the Josiah Macy, Jr. Foundation. 

- The rice bran concentrate was supplied by the Galen Co. of California. 
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1 -ccoivod l)ot}i clioliiie and nicotinic acid (2 mgin. cliolino and J rngm, nicotinic 
acid. Idle duration of tlio experiments varied a.s indicated in tlio tables, d'ho 
re.'^uUs in control rat.s, i-ecfiiving the diet .supplemented with rice bran extract 
(containing the filtrate factors) plu.s the .supplements of nicotinic acid or choline, 
are reported in table 2. 

The incidence of iidrenal le.sions is given for the r.ats autopsied in each group. 
When rats were not killed but died as a re.sult of the deficiency, postmortem 


T.ABLE 1 

Summary of results on rats maintawed on fdtralc factor deficient diets with or without added 

nicotinic acid and choline 
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45-90 

% Died 

: 17 

21 

19 

43 

1 GO 

35 

53 

% Incidence of graying 

; 100 

100 

100 

100 

100 1 

100 

100 

% Incidence of severe gr.aying ! 

G1 

32 

i 05 

57 

G4 

41 

49 

% Dermatitis 

7 

6 

i 

32 

11 

4 

12 

% Alopecia 

o4 

5G 

j 50 

GS 

50 

51 

51 

% Superficial hemorrhage 

G3 

31 

I 31 

43 

40 

65 

30 

Avg. gain in weight (grams) 

55 

31 

, 50 

33 i 

29 

19 

15 

% Gaining weight 

.Adrenal pathology! 

100 

9G 

1 

100 

100 

93 

1 

84 

77 

% Lipid depletion 

3G 

35 

17 

20 

! 50 

23 

3G 

% Atrophy 

0 

0 

0 

0 

8 

5 

20 

% Necrosi.s 

0 

9 

3 

lo 

15 

9 

10 

% Hemorrhage 

0 

0 

3 

5 

S 

9 

4 

Scrum chloride avg. (M Eq/1) 

93 

99 

9S 

99 

98 

99 

99 

Scrum chloride range (M Eq/1). . . . 

SG-104 

89-106 

SS-IOG 

95-lOS 

94-101 

93-102 

94-102 

Number of rats determined 

« 

29 

19 

22 j 

12 ; 
1 

15 

31 

18 


* When .nutopsies were not done it was because of autolysis, 
t Based on number of rats autopsied. 
i Low salt intake consisted of 0.0G% XaCl ad lib. 

§ High salt intake consisted of 1% NaCl ad lib. 

autoh'sis in some animals did not permit satisfactoiy histological examination. 
The viscera, including the heart, lungs, liver, kidneys, spleen, pancreas and 
adrenals, were regularly examined. Tissues were fixed in Bouin’s fluid for 24 
hours, dehydrated and embedded in paraffin. Sections were stained with 
hematoxylin and eosin or with Goldner’s modification of IMasson's Trichrome 
INIethod. In addition, frozen sections were made from one half of an adrenal 
from each of 25 animals, and osmic acid or Sudan IV stains were applied and 
polariscopic examination performed. 
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Serum chloride determinations \Yere made in 146 of the rats on the deficient 
diet and in 42 of the control rats just prior to sacrifice. The blood was withdrawn 
from the tail of the rat and the determinations were made in duplicate by the 
microtitration method. 

Results. The 108 rats in group 1 (filtrate factor deficient) (table 1) were 
saciificed after periods varying from 67 to 138 days to observe what effect the 
duration of the deficiency might have on the adrenal glands. The only change 
observed in the rats in this group was moderate lipid depletion that occurred 
in 35 per cent of the rats. It was not influenced by the salt intake and the 
incidence was not greater in rats kept on the diet for longer periods. No signif- 
icant degree of histologic atrophj^ of the adrenal cortex was found, but in 4 rats 
(9 per cent) on the high salt intake there was bilateral coagulative necrosis 


TABLE 2 

liesttUs on control rats 



I GROUP 1 

GROUP 2 

GROW 3 

GROUP 4 

GROUP 5 

A 

B 

A 

B 

Humber of rats 

IS 

14 , 

9 

9 

7 

12 

8 

Salt intake 

Low* 

High! 

Low 

High 

High 

High 

High 

Daily supplement 








Nicotinic acid (mgm.) 

None 

None 

0.2 j 

0.2 

1.0 

None 

1.0 

Choline (mgm.) 

None 

None 

None 

None 

None 

2.0 

2.0 

Duration experiment (days) 

69-115 

77-110 

91-115 

108-111 

92-93 

85-91 

78-96 

% Died 

0 

0 

1 

0 

0 

! 0 

I 0 

% Incidence of graying 

0 

0 

0 

0 

0 

0 

0 

Weight changes (% gained) 

100 

100 

100 

100 

100 

100 

100 

Average grams gained 

122.6 

128.4 

124.3 

124.1 

124.0 

164.0 

200.3 

Adrenal pathology 

None 

None 

None 

None 

None 

1 rat 

None 

Serum chloride avg. (M Eq/1) 

99 

100 

1 


99 

97 

99 

Serum chloride range (M Eq/1). . . . 

96-103 

93-109 



98-100 

92-100 

96-102 

Number of rats determined 

9 

12 



4 

11 

6 


* Low salt intake consisted of 0.06% NaCl ad lib. 
t High salt intake consisted of 1% NaCl ad lib. 


of the adrenals. None was found in the rats on the low salt intake, so that 
for the groups as a whole, the incidence was onR' 4 per cent. Moderate lipid 
depletion occurred in conjunction -with necrosis in 1 rat. Of the rats in which 
adrenal cortical necrosis was present, 1 died on the 66th day of the experiment 
and the other 3 were sacrificed after 81, 106 and 119 days of the deficient diet. 
Hemorrhage of the adrenal cortex did not occur in anj" of the rats. 

The question arose as to vdiether necrosis and hemorrhage might have been 
present in the rats found dead and in Avhich histological examination was impos- 
sible due to autolysis of the adrenals. Assuming that all such animals also had 
necrosis, the incidence for the rats on the low salt intake would have risen to 3.5 
per cent (2 rats), and for the rats on the liigh salt intake it would haA’^e been 22 
per cent (12 rats), or a total of 14 of the 108 rats obseiwed. 
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Graying of tlio fin- occurred in all animals whether the salt intake was In'gh or 
low. It was most .severe in rats on the low .salt intake, 'Jlic average on.se{ of 
graying was after 23 day.s of the diet, with a range from 17 to -10 day.s, Other 
changes ob.scrved were aloiJecia, demiatitis and .sxipeificial hemorrhagc.s in the 
.skin. The latter were more common in rat.s on the hrw .salt intake. All rat.s 
gained weight during the cour.se of the e.v'perimcnt; the gain varied from 2 to 
120 grams. The control rat.s (table 2) naturally gained much more weiglit 
(average 122.G gram.s) and e.xhibitcd no graying. Xo change.s were found in 
the adrenals of any of the control animals. 

In group 2 (GO rat.s) the deficient diet wa.s supplemented with 0.2 mgm. of 
nicotinic acid daily. In 32 rat.s the .salt intake was low, and the remainder 
received 1 per cent XaCl solution ad lib. The duration of the e.xperiment.- was 
from oO to 131 day.<. Xineteen per cent of the rat.= on the low .salt intake and 
43 per cent of the rat.s on the high .salt intake died during the course of the 
c.xperiment, but more than half of the rat.s that died had survived on the diet 
for 100 <lay.s or longer. In thi.s group some lipid deplet ion of the adrenal corte.v 
was pre.senl : 17 per cent in the rats on the low salt intake and 20 per cent on 
the high .salt intake. The incidence for the entire group was verx- slightly 
lower than in group 1. Bilateral necro.si.s and hemorrh.age of the adrenal corte.v 
was ob.served in 1 rat on low .salt intake and thi.s was an animal that died on the 
128th day of the diet. Xecro.sis of the adrenal cortex was pre.sent in 3 rats on 
high .salt intake; 1 wa.« a rat that died after 70 days of the diet. The other 2 
rats were .sacrificed after 125 and 131 day.s. Slight liemorrhagc was also pre.sent 
in the adrenal coi'tex of one rat that had neero.sis. Hi.stologic atrophy was not 
ob-seiTcd in any adrenal glands. Again, had necro-sis and hemorrhage been 
pre.sent in the adrenal gland.s that were not examined hi.stologicaliy, the incidence 
of this change would have been increa.sed to 12.5 per cent (4 rat.s) in the rat.s 
on the low .salt intake, and 39 per cent in the rats on the higlt .salt intake. Gray- 
ing of the fur occurred in all the rat.s aird was more .severe than in group 1. The 
other change.s again included alopecia, dcimatiti-s and sujjeVficial hemorrhagc.s. 
The incidence of dermatiti.s was twice a.s great in the rats on high .salt intake 
(table 1). 

The 28 rats in group 3 recei\'ed the deficient diet plu.s a larger daily dose 
of nicotinic acid (1 mgm.). One per cent XaCI wa.s given ad lib to the.se rats. 
The duration of the experiment varied from 45 to 93 days. The shorter duration, 
as compared to groups 1 and 2, was due to the fact that 60 per cent of the animals 
died after .shorter periods on this modification of the diet. Lipid depletion 
of the adrenal cortex was pre.sent in 50 per cent. Its occurrence did not bear 
any relation to the duration of the experiment. Hemorrhage, together with 
extensive necrosis of the adrenal cortex, occurred in 2 animals. In 2 other 
animals there was less extensive necrosis of the cortex. Two additional rats in 
this group were not studied histologically; had hemon-hage and necrosis i^een 
present in these rats, the incidence would have been increased to 21.5 per cent 
(6 rats). Atrophy of the cortex occurred alone in 1 rat and accompanied lipid 
depletion in 1 other rat. ^lost rats gained weight during the experimental 
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period. All animals showed gra3dng of the fur and it was severe in 64 per cent. 
Dermatitis Avas infrequent, but the incidence of alopecia and superficial hemor- 
rhages was about the same as for other groups. 

The 44 rats in group 4 received the deficient diet plus 2 mgm. of choline 
dailj'. Thirty-five per cent of the rats died after 56 to 85 daj'S. The rest of 
the animals Avere sacrificed after 80 to 91 days on the diet. Lipid depletion 
of the adrenals Avas present in 10 (23 per cent) of the animals and did not occur 
in conjunction A\Tth an}’- other pathological changes. . This Avas also true for the 
atrophjq Avhich Avas found in onty 2 rats (5 per cent). Necrosis, together AA'ith 
liemorrhage of the adrenal cortex, AA-as present in 4 (9 per cent) of the animals. 
Had this lesion been present in the 1 rat that had autolysis A\'hen found dead, 
the incidence Avould liaA'e been increased to 12 per cent (5 rats). 

Again grajdng occurred in all animals and Avas seA’^ere in 41 per cent (18 rats). 
Less dermatitis Avas observed. Alopecia AA’as present as in the preceding groups, 
but there Avas an increase of the number of animals shoAving superficial hemor- 
rhages of the skin (table 1), as compared to groups 2 and 3. Eighty-four per 
cent of the animals gained AA'eight during the first 6 AA'eeks of the experiment, 
but lost Aveight during the latter part of the experiment. 

The rats in group 5 (43 rats) received the deficient diet plus 1 mgm. of nicotinic 
acid and 2 mgm. of choline daity. The animals AA'ere sacrificed or died after 45 
to 90 days on the diet. The earlier time of sacrifice Avas necessaiy, as in groups 
3 and 4, because the animals became debilitated sooner than in groups 1 and 2. 
Thej^ all lost AA'eight during the end of the experimental period, and the total 
gain of AA’eight for the experimental period A\’as slight. SeA’ere gi’aying occurred 
in all. Thirty-six per cent (9 rats) shoAA'ed lipid depletion of the adrenal cortex, 
and atroph}’- AA'as obserA’ed in 5 rats (20 per cent), necrosis in 4 rats (16 per cent), 
and hemorrhage in 1 rat among the latter. Atrophy’ accompanied necrosis in 
1 adrenal and AA’as an independent finding in the others. Had necrosis occurred 
in the 18 rats in AA’hich pathological examination AA'as imiiossible, the incidence 
of this lesion Avould haA’e been increased from 16 per cent (4 rats) to 51 per cent 
(22 rats). 

The serum chloride A’alues are not reported in detail but the aA’erage A’alues 
and the ranges are gh’en in tables 1 and 2. The chloride leA’el of the semm 
determined in 42 of the control rats A'aried from 92 to 109 M Eq/1. In onlj’ 5 
rats (11 per cent) AA’ere the A’alues beloAv 96 AI Eq/1. The latter A’alue AA'e con- 
sidered the loAA’er leA’el of normal for rats of this age. Seh'e and Dosne (7) re- 
ported plasma A’alues of 557 mgm. per cent NaCl for normal A’oung albino rats, 
Avhich is about 96 M Eq/1. 

In the deficient rats in group 1-A (filtrate factor deficient plus Ioaa' salt intake) 
29 chloride determinations AA’ere made. The serum chloride IcA’els Avere beloAv 
96 1*^1 Eq/1 in 3 rats and in each case the adrenal cortex in these animals shoAA'ed 
moderate lipid depletion. In the rats in group 1-B that receiA’ed the deficient 
diet plus 1 per cent NaCl, the serum chloride leA’el AA'as Ioav in 3 of the 19 rats in 
AA'hich it AA’as determined. In onl\’ one instance AA'as this associated Avith lipid 
depletion of the adrenal cortex. In the rats in group 2-A (filtrate factor deficient. 
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low salt plus 0,2 mgm. nicotinic acid) 22 chloride determinations were made. 
The level was decreased in 3 animals and in 1 of these animals there was moderate 
lipid depletion of the adrenal cortex. Jn the rats in group 2-B, on the same diet 
except for the high salt, intake, 12 chloride determinations were made, and in 
2 rats the senim level was lowered. In 1 of the.se there was moderate lipid 
depletion of tlie adrenal cortex. In the rats in group 3 receiving the deficient 
diet plus 1 mgm. of nicotinic acid daih* and 1 per cent NaCl ad lib, 15 chloride 
determinations were made and in 4 instances the level was lowered. In 2 of 
these animals there was necrosis of the adrenal cortex and in the other 2 there 
was moderate lipid depletion. In group 4 , 31 chloride determinations were 
made and the values were low in 4 rats, lliis was accompanied by lipid deple- 
tion in one and by moderate atroplu' of the adrenal cortex in another instance. 
In group 5 (filti*ate factor deficient plus 1 mgm. nicotinic acid and 2 mgm. 
choline) 18 chloride detenninations were made and the level was lower than nor- 
mal in 1 rat; this was not accompanied by an}* histologic change in the adrenal 
cortex. 

Of the 14G deficient rats in which scnim chloiidc levels were determined, 
the values were below noimal in 20, and in 12 of these they were associated with 
either lipid depletion of the adrenal cortex or necrosis. However, in 44 of the 
animals in which lipid depletion of the cortex was observed, the .serum chloride 
levels were normal. Lipid depletion alone apjjarently need not be as.sociated 
with changes in the chloride level. 

Discussion. The most frequent pathold^cal change obsen'cd in the adrenal 
gland was lipid depletion of the cortex. In fact, in the rats on the deficient diet 
alone with the low .salt intake (group 1-A), this was the only change obseived. 
In other groups lipid depletion was never present in more than 50 per cent 
of the adrenals and the incidence varied from 17 to 50 per cent in the various 
groups. The estimate of lipid depletion was based on the absence of lipid 
vacuoles in the cortical cells. IMa-sked droplets, too fine to be seen in ordinaiy 
sections, were not encountered in preparations examined after applying osmic 
acid or Sudan IV to frozen sections. Anisotropic lipid was not regularly sought 
but when present was alwaj'S found in adrenals with vacuolated cortical cells. 

Necrosis with or without hemorrhage was found in the adrenals of a few 
animals in all the groups, with the exception of group 1-A. In none of the 
groups, however, was the incidence greater than 16 per cent and it occurred 
principally in rats receiving nicotinic acid. Atrophy of the cortex was an infre- 
quent finding except in the rats receiving both nicotinic acid and choline, in 
which 20 per cent of the adrenals showed some atrophy. Calculating the in- 
cidence of adrenal necrosis and hemorrhage for the entire group of 242 rats in 
which the adrenals were examined, the incidence of this pathologic change was 
only 8.2 per cent. 

We are unable to explain the sharp discrepancy in adrenal lesions between 
our results and those reported by others. The adrenal changes we observed were 
.slight. Serious lesions were so rare as to suggest that they Avere due to some 
mechani.sm other than filtrate factor deficiency. One possible exception may 
have occurred in group 4 in which the deficient diet was supplemented by 
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both choline and nicotinic acid. The animals in this group were short lived 
and many were found dead. If adrenal necrosis had been present in all the 
animals that died, then the incidence of the lesion in this group would have 
been greater than that foimd in any of the other groups. In the absence of 
histologic proof, however, this continues to be a matter of speculation. If 
accepted as theoreticall}'- possible, the incidence would still be below that re- 
ported by most other investigators. 

Graying of the fur, which is the characteristic change reported in rats on 
filtrate factor deficient diets, was present in all of the deficient animals in this 
studjL In addition, alopecia, cutaneous hemorrhages and, to a less extent, 
dermatitis occurred in all groups but not in all the animals. 

SUMMARY 

Five groups of rats, totaling 284 animals, were fed diets deficient in the filtrate 
factors of vitamin B. The groups were dmded so that one received the deficient 
diet Avith no supplements of nicotinic acid or choline, and the others received 
either 0.2 or 1 mgm. of nicotinic acid daily, or 2 mgm. of choline, or both nicotinic 
acid and choline. In the first 2 groups half of the rats were given a low salt 
intake. All the other groups received 1 per cent NaCl ad lib. 

All animals developed graying of the fur. This was most severe in rats on low 
salt intake and in rats receiving nicotinic acid dail3L Dermatitis, alopecia and 
superficial hemorrhages of the skin occurred to a vaiying degree in all groups. 

The most common change observed in the adrenal cortex was lipid depletion, 
but this did not occur in more than 50 per cent of the animals in any group. In 
rats maintained on the filtrate factor deficient diet and not supplemented with 
nicotinic acid or choline, lipid depletion was the onl}!- significant pathological 
change found in the adrenals. The addition of nicotinic acid to the diet in- 
creased the incidence of necrosis of the adrenal cortex slightljL ^^Tien both 
nicotinic acid and choline were added, there was an increase of the incidence of 
atrophy. When only choline was added to the diet, the adrenal change consisted 
of lipid depletion with a veiy small incidence of atroplty, necrosis and hemorrhage. 

We are indebted to jN'Irs. Amj'- Fortune Mamej" and Mrs. Heniyka Berger for 
then- technical assistance in this work. 

The vitamins used iif this study were supplied b}’- the Galen Co. of Berkeley, 
California, and the Walker Vitamin Co., Mt. Vernon, N. Y. 
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J’lie fact tliat an iTijurod region of muscle or nerve* is electro-negative in the 
external circuit to an uninjured region (a negative injury potential) has-been 
demonstrated many times. 0.sterhout and his Jissociate.s (1) have .shown that 
under certain condition.s injtny jjroduce.s a po.sitive injury potential in some of 
the coonocytic algae, d'he concoj)t of the negative injury potential, howe^•er, ha.s 
become .so well establisiied that it is assumed that the coenocytic algae are un- 
usual and that in general injury jiroduccs a negative injury potential in both 
- plant' and animal tissues (2, 3). Abram.son (4) in his theory that the injury 
potential influences the movements of leucoc^des into an injured region assume.s 
the injury potential to be negative. Recently, however, Burr and his colleagues 
(.5, G) and Burrows, Iball and Roe (7) found that injury produce.? a positive injury 
potential in the .skin of certain mammals. On the ba.sis of the,?e reports it would 
.seem that injury to animal tissues is not always accompanied by a negative 
injiuy potential and that further studies on other tissues would bo of interest. 

According to the classical concept of the origin of the negative injurj- potential 
in muscle and nerve, injury causes a marked decrease in the magnitude of the 
potential at the site of injury, and the potential at the uninjured region which is 
directed outward is re.sponsible for the uninjured region being positive in the , 
extei-nal circuit to the injured region. Osterhout found under the conditions in 
which positive injury potentials were observed in the coenoc 3 'tic algae that the 
potential was directed inward toward the sap (opposite to that of nerve and mus- 
cle) and that injury abolished this potential. According to this concept injury’’ 
decreases the potential at the point of injury and the orientation of the injurj*^ 
potential is dependent on the orientation of the inherent potential of the tissue, 
being negative when this potential is directed outward and positive when directed 
inward. Assuming that this principle is applicable to such relativelj" complex 
tissues as the stomach one would expect a positive injurv potential with elec- 
trodes placed on the mucosa since the potential across the stomach is directed 
from the mucosa to the serosa (8) (the serosa being positive in the external circuit 
to the mucosa) . One of the purposes of the present paper is to demonstrate that 
such is the case. Studies in the past on the origin of injury’ potentials have been 
confined to a demonstration of a qualitative relation between the decrease in 
potential at the site of injury and the production of the injury potential. An 
attempt has been made in the present work to investigate the quantitative rela- 
tionship between these potentials. 

AIethods. The stomach was e.xposed through an abdominal incision in per- 

^This investigation was aided by a grant from the Joseph E. Seagrams and Sons 
Company. 
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nostonized dogs^ (80 mgm. per kgm. subcutaneously). A longitudinal cut was 
made in the stomach midway between the lesser and greater curvatures. The 
flap of stomach was placed on a Incite platform with the serosal side downward. 
The Incite platform contained two Zn-Zn acetate agar, Ringer agar electrodes. 
The area of the Ringer agar surface of these electrodes in contact with the serosa 
was 3 cm-. Two other similar electrodes Avere placed in contact with the mucosa 
direct!}" opposite the serosal electrodes. The Ringer agar of these electrodes 
extended seA"eral millimeters beyond the glass tubes and the pressure exerted bj" 
these electrodes on the stomach was less than 8 cm. of water. This arrangement 
is shown diagrammatically in figure 1. The opening in the Incite platform be- 
tween the serosal electrodes (1.5 cm.) prevented short circuiting of these elec- 
trodes through fluid Avhich might otherwise accumulate under the serosa. 

Potential differences were measured between electrodes J\Ii and Si, Mi and Mo, 
Mo and So, and vSi and So before and after injuiy. Boiling Ringer’s, ether and 
ethyl alcohol were used to produce injuiy. In referring to the potential difference 
between two electrodes a positive sign means that the electrode represented by 
the first letter is positive in the external circuit to the electrode represented b}" the 
second letter. 

The potential differences Avere measured Avith either a Kindle string gah^anom- 
eter or AAUth a potentiometer. When the potentials Avere measured Avith the 
string galvanometer the leads from the electrodes Avere connected in series AA'ith 
the galvanometer and a resistance of approximately 60,000 ohms. It A\"as found 
that the change in. resistance of the electrodes plus stomach that occurred after 
injury Avas smaller than that necessary to produce an observable difference in the 
deflection of the string. 

A total of ten dogs Avas used in these experiments. 

Results. In figure 1 A, a t5"pical experiment, it can be seen that injury to the 
region of electrode Mi Avas followed by a marked increase in positiAut}" of this 
region AAuth respect to an uninjured region (Mo). Injury in this experiment Avas 
produced b}" directing a fine stream of A"ery hot Ringer’s at the region of elec- 
trode Ml. 

In control experiments it AA"as found that Avashing the region under one electrode 
AA'ith Ringer’s solution at liody temperature produced A"ery little change in the 
potential difference, usually less than 2 niA". and that applying heat, alcohol or 
ether to the dead stomach produced changes less than 1 niA". 

Positive injury 'potentials associated 'with a decrease in the 'tnagnitude of the poten- 
tial across the stomach at the point of injury. Figure IB sIioaa's the results of a 
tj’pical experiment in Avhich the potentials AA^ere measured (Avith the potentiom- 
eter) betAveen the four regions mentioned aboA"e. It can be seen that the mucosa 
is negatiA"e in the external circuit to the serosa at both regions (MiSi and M2S2). 
This Avas found to be true liefore injury in all of the experiments. At the time 
indicated by the first arroAv 2 cc. of 95 per cent ethyl alcohol Avere applied to the 
region of electrode Mi. This Avas folloAved by a marked decrease in the magni- 

- The Riedel-deHaen Company, Ngaa' York, kindly supplied the pernoston used in these 
experiments. 
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tilde of the potential across the stoniach at this region (MjSi) and a marked 
increase in the positivity of MjM; (jiositive injury jmtential,) At the time indi- 
cated by the second arrow alcohol was ajiplied to the region of M;. This was 
followed by a marked deciease in the magnitude of McS; and an increase in posi- 
tivity of Mo with respect to Mi (i.e., ^IjMj decreased in magnitude), Jt should 
be noted that there was very little clinnge in .SjSo after injury, ('ara was taken to 
make sure that the electrodes Si ami S; were not shuntetl by a layer of fluid out- 
side the stomach. 
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Fig. lA. Siring galvanometer record of MAf-. Boiling Ringer’s solulion applied at 
first time line after beginning of white line at top of record. Time interval between two 
vertical lines is 4 sec. Upward deflection means Mi has become more positive in external 
circuit to M;. At beginning of record galvanometer calibrated with 50 mv. 

Fig. IB. Ml and iV; represent two electrodes on the mucosal surface and Si and S; two 
electrodes on serosal surface. S represents the stomach. Stippled areas represent 2 per 
cent Ringer agar; small liorizontally lined areas, saturated Zn acetate agar. The longer 
horizontal lines represent the Incite platform. 

Fig. IC. Circuit diagram. .Vi, .1/;, Si and represent regions where the corresponding 
electrodes are placed. Ri and Rz, re.sistances across stomach from mucosal to serosal sur- 
faces. 7?jand Ri represent longitudinal resistances of the stomach. E represents potential 
across stomach. 

Relaiion between the magnitude of the injury potential and the magnitude of the 
changes in potential across the stomach. In table 1 the re.?ult.s of tlie e.\'periment,s 
on the effect of injury on the muco.sa in which the four potentials were measured 
are summarized. The values of the potentials 2 to G min. after injuiy were sub- 
tracted from their values immediately before injury. The magnitudes of the 
potentials across the .stomach were in some cases as low as 40 mv. immediately 
after placing the electrodes on the .stomach. In the absence of further experi- 
mental procedure the potentials increased and in about one hour reached a rela- 
tiveb' constant level in the neighborhood of 80 mv. The effect of injun- on the 
potentials was detei-mined at various potential levels. 
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Examination of columns 4 and 5 reveals that injury’' always increased the posi- 
tivity of the mucosa with respect to the serosa at the site of injury (a decrease in 
the magnitude of the potential across the stomach). Presumablj'’ because of the 
tendency of the potentials to increase with time there was usuallj^ a small change 
in the magnitude of the potential across the stomach at the uninjured region 


TABLE 1 


EXPT . 

m 


AMiSi 

m 

B 

AMjMj 

AMiSi 
- AMiSi 

Di 

A 

CALC . 

Di 

1 

Si 

B.R. 

+35 

+ 0.5 

-3 

+33 

-|-34 .o 

+1.5 

+31.5 

-1.5 

2 

BM 

A 

+67 

-2 

—5.5 

+63.5 

+69 

+0.5 

+63.5 

0 

3 

M 2 

A 

0 

+69.5 

- 1.5 

-71.5 

-69.5 

-2 

-71.0 

-0.5 

4 

Ml 

A 

- 7*42 . 

+0.5 

0 

+43.5 

+41.5 

-2 

+41.5 

-2 

5 

Ms 

A 

-1.5 

+59 

+6 

—56 

-60.5 

+4.5 

-54.5 

-1.5 

6 

Ml 

A 

+24 

-2 

_2 

+23 

+26 

+3 

+24 

+1 

7 

Mo 

A 

-2 

+52 

+1.5 

-55 

-54 

-1 

-52.5 

-2.5 

8 

Ml 

A 

+76.5 

-3.5 

-3 

+76.5 

+80 

+3.5 

+77 

+0.5 

9 

Mo 

A 

-1.5 

+91.5 

+3 

-90 

-93 

+3 

-90 

0 

10 

Ml 

E 

+31 

-3 

-0.5. 

+32 

+34 

+2 

+33.5 

+1.5 

11 

Mo 

E 

+1 

+10.5 

+2.5 

-9 ■ 

-9.5 

+0.5 

-7 

-2 

12 

Ml 

E 

+7.5 

-3 

-0.5 

+9 

+10.5 

+1.5 

+10 

+1 

13 

Ml 

E 

+11.5 

-1 

0 

+11 

+12.5 

+1.5 

+12.5 

+1.5 

14 

Ml 

A 

+41.5 

+0.5 

0 

-4-40 . 0 

+41 

+0.5 

+41 

+0.5 

15 

Ml 

E 

+25 

-•4 

0 . 

+27.5 

+29 

+1.5 

+29 

+1.5 

16 

Mo 

E 

-1 

+30 

+1 

—35 

-37 

+2.0 

-36 

+ 1 

17 

Ml 

i-A 

+27 

-5.5 

0 

+30.5 

+32.5 

+2.0 

+32.5 

+2.0 

. 18 

Ml 

A 

+59.5 

-2 

—2.5 

+60.5 

+61.5 

+1 

+59 

-1.5 

19 

Mo 

4A 

-1 

+48.5 

-0.5 

-50.5 

1 -49.5 


-50 

-0.5 

20 

Mo 1 

A 

-3 

+40 

-2.5 

—44.5 

-43 

Eh 

-45.5 

+1 

Averac-fi 

+1.30 

±2.03 


mm 

'S.D. 



















Column S.I. gives the site of injury; column I.A. gives the agent used to produce injurj’-; 
B.R. refers to boiling Binger’s; A to 95 per cent ethyl alcohol; A to equal parts of 95 per 
cent ethjd alcohol and Ringer’s; E to ether. Columns 4, 5, 6 and 7 (AMiSi, AMjSj, ASiS*, 
and AMiMo) represent the changes in potential after injurj'^; a positive sign means that the 
potential of the electrode represented by the first letter has become more positive in the 
external circuit with respect to the electrode represented by the second letter and vice 
versa. Column 8 gives the sum of the changes in the potentials across the stomach. Col- 
umn 9 represents the difference in absolute magnitudes of the values in columns 7 and 8. 
Column 10 gives the value of AMiMo calculated from the changes in the other potentials. 
In column 11 the differences in absolute magnitudes between columns 10 and 7 are given. 
The standard deviations are given below the averages in columns 9 and 11. 

(column 4 when the region of M 2 was injured and column 5 when the region of 
Ml was injured). The average increase after injury in the potential across the 
stomach at the uninjured region was 1.67 mv. (S.D. = ±1.65 mv.), i.e., aver- 
age of the values across the uninjured portion of the stomach given in colunms 4 
and 5 = — 1.67 mv. Column 8 gives the sum of the changes in the potentials at 
the injured and uninjured regions. It can be seen from the table that the values 
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in column 8 are approximately equal to the magnitudes of the injurj^ potentials 
(column 7). Since the cl)anges in tlie magnitudes of the potentials at tlie 
uninjured region Avcrc relatively small it is also true that the injjiry potentials 
are approximately equal to the changes in the potentials at the site of injurx^ 
(column 4 or 5). It should bo pointed out that the negative values of Z1M1M2 
are correlated with injury to and indicate that iNb, the site of injurjq lias 
become more positive with respecf. tn Mj (a positive injury potential). Column 
G shows that the values of ASiS; are relativelv .small compared to those of 
AiNIiMo. 

Because of the presence of rapid fluctuation.s of small magnitudes (.see fig. lA) 
it was not pos.sible to mcasui-c the potentials with the potentiometer with a greater 
accuracy than about 0.5 mv. The order of magnitude of the error involved in 
comparing the potentials duo to tlic.^e variations can be detennined bj’ calculat- 
ing Ai\fiM2 from the other potentials and comparing this value with the mea.s- 
urod value of From the cla.ssical law.s of electrical networks it follows 

that 


AMAIo = AMiS, - AM>S2 d- ASiSi (1) 

Column 10 shows the value of calculated in this way and column 11 

show.s the differences between tho.^e values and those of the mea.sured values of 
AAIiMj. In calculating the differences in column 11 no attention was paid to 
the signs in columns 7 and 10 since the sign depends upon whether the injured 
region is de.signated by Mi or M;, The average value of the calculated values of 
AMjMo was 0.02 mv. (S.D. — il.30 mv.) less than the average of the measured 
values of AiMiMj. 

D1SCU.SSIOX .\XD COXCLUSIOX.S. The endence presented above demon- 
strates that injury to the mucosa of the stomach produces a positi^’^e injury poten- 
tial. The above findings are in accord with the e.ssentials of the classical concept 
of the origin of the injury potential in nerr^e and muscle except that in the case of 
the stomach the potential is directed iurvard from the mucosa and injury there- 
fore produces a positive injury potential. This work together with that of 
Osterhout (1) suggests that in an3' tissue with the potential directed inward from 
the surface injurj’’ would be expected to produce a positive injury potential. It 
is interesting to note that Burrows et al. (7) find that the potential in the skin of 
rats is directed inward from the surface. The data also demonstrate that the 
magnitude of the injur\' potential is appro.ximateh' equal to the sum of the 
changes in potentials across the stomach or to the change in the magnitude of the 
potential across the stomach at the injured region. 

The ex-perimental results presented in the present paper can be readily inter- 
preted on the basis of the equivalent circuit represented in figure 1C. The 
magnitude of the changes in MiSi and M2S0 would detei-mine the magnitude of 
the changes in M1M2 and S1S2. The actual values of A^Ii^'B andASiS2 would 
depend on the relative values of re.sistance.s Ro and R4. Since AMi]\'l2 is rela- 
tivelj’’ large compared to AS1S2 it is reasonable to conclude that R2 is relativelj^ 
large compared to R4. 
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The findings in the present paper together with those of Burr et al. (5, 6) and 
Burrows et al. (7) are not in accord with Abramson’s (4) theory of the influence of 
the injury potential on the movements of leucocjdes since according to his formu- 
lation a positive injury potential would cause the leucocjdes to move out of the 
injured region. However, since a flow of current into an injured region must be 
accompanied bj’’ a flow of current out of the region, an injury potential irrespec- 
tive of its direction if it influenced the movements of leucocjdes, would tend to 
cause them to move into the injured region at one locus and out at another. 
Since Abramson has demonstrated in vitro that voltage drops which are probably 
no greater than voltage drops in living tissues appreciably influence the move- 
ments of leucocides, the finding of positive injuiy potentials in the skin and 
stomach would not be in conflict vdth this essential point in the theor3^ It is 
obvious that a much more thorough knowledge of the patterns of current flow in 
tissues is desirable. 


SUMMARY 

Injuiy to a region of the mucosa of the dog’s stomach produced a decrease in 
the potential across the stomach at the site of injury and an increase in the posi- 
tivity of the injured region to an uninjured region of the mucosa (a positive 
injmy potential). It was found that the magnitude of the injurj’- potential was 
approximatelj' equal to the magnitude of the changes in the potentials across the 
stomach. 
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In studying peripheral resistance clianges and vasomotor reactions we at- 
tempted to detennine the Idood flow tlirough specific vascular beds by measuring 
either the flow into the artery sujtplying the region or the flow out of the vein 
draining it. The initial studies indicated, however, that either the inflov,- or the 
outflow may difTer very considerably from the flow through the vascular bed 
whenever the pressure in the arter}' or vein ditTer.s from that in the corresponding 
collateral blood vcs.‘''els. This discrepancy is due to the variable exchange of 
blood across the arterial and \'enous anastomotic channels between the vascular 
bed being studied and the collateral vascular beds. This paper presents an 
analysis of the magnitude of thi.s exchange of blood under various conditions of 
perfusion in different vascular beds. It also discusses methods of interpreting 
the efficiency Mth which such ana.stomotic communications protect against 
sudden occlusion of the main arterial branch. 

Anatomical considerations. The anatomical arrangement of the peripheral 
circulation may be illustrated schematicalL' as sho\\’n in figure 1. The lower 
half of the figure represents the vessels in Avhich vasomotor reactions are being 
studied. This we have called the cognate S 3 'stem.^ The upper half of the figure 
represents all adjacent vessels having arterial and/or venous anastomotic com- 
munications with the cognate capillarj' bed. These we have called the collateral 
systems. 

Three cognate systems were studied : 

1. Tlie first of these was the capillary bed of the left quadriceps muscle sup- 
plied b}’’ the deep penetrating branches of the femoral arteiy. This vascular bed 
was .studied bj' isolating a segment of the left femoral arterj- b 3 ' two clamps, C2 
and C3, placed respective^' at the level of the inguinal ligament and just prodmal 
to the saphenous branch, and perfusing by' cannula lEA inserted into the left 
inferior epigastric ai’ter 3 '. This segment of the femoral arter 3 ' will hereafter be 
termed the cognate artery' of the quadriceps muscle. The connections are 
illustrated in figure 2. 

2. The second vascular bed studied was that of the skin over the medial aspect 
of the lower thigh and leg and the dorso-medial aspect of the paw. The cognate 
artery" for this vascular bed was the saphenous branch of the femoral arteiy. 
Tliis area was studied by' perfusing the saphenous branch of the left femoral 

1 Supported by- a grant from the Commonwealth Fund. 

" A preliminarj' report of this paper was published in the Fed. Proc. 1: 32, 1942. 

" The word cognate (meaning born together) was borrowed from genealogy and is used 
in a similar sense to refer to a direct lineal path as contrasted to a collateral path. 
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artery, SA, by a cannula inserted into the femoral artery at LFA, as shoivn in 
figure' 2, while the femoral artery was compressed centrally to the iDranch by 
clamp C3. 

3. The third vascular bed was that of the skin and muscle of the lower part 
of the left liind leg. Its cognate arter 3 ’' was the popliteal arteiy. This vascular 
bed was perfused b.y waA" of a cannula inserted centrall}" into the saphenous 
branch, while the femoral arteiy was compressed bj’" a clamp applied to the 
femoral arter 3 ’' just proximal to the saphenous branch. 

Preliminaiy studies were made on these three cognate systems to determine 
the extent of the collateral systems which had anastomotic communications with 
them. This was done b 3 ’’ cannulating as above for perfusion and b 3 ’’ collecting 
the backflow from the^cannula against atmospheric pressure. The arteries sup- 


CAP 



Fig. 1. Schematic diagram of the cognate and collateral systems. ART — arteries; CAP 
— capillaries; VEN — veins; P COL — cannula for perfusion of collateral arteries; A — aorta; 
COL A — collateral supply artery; COG A — cognate supply artery; AAC — arterial anastomo- 
tic channel; P COG — cannula for perfusion of cognate artery; VAC — venous anastomotic 
channel; COG VF, cannula for collecting and measuring venous outflow from cognate vein, 
the horizontal dot-dash line indicates division between cognate and collateral systems. 
Cl, C2 and C3 — clamps for compressing the vessels. 

plying adjacent vascular beds were then progressive^'’ compressed until the 
backflow ceased. It was found that in order to eliminate satisfactorib’’ the 
backflow from an 3 ' of these three cognate systems it was necessaiy to compress 
all arteries leaving the aorta below the level of the renal arteries. This was most 
easily accomplished b 3 '’ compressing the aorta itself. In order, therefore, to 
study the effects of various pressures in the collateral arteries upon the floAV into 
the cognate artery we routinely, in all subsequent experiments, compressed the 
aorta at this level and perfused the distal portion by v^a 3 ’’ of a cannula inserted 
into the central stump of the right femoral arteiy, as indicated in figures 1 and 2. 

I. Effects of collateral circulation upon arterial inflow measure- 
iviENTS. Methods. Flow into the cognate arteries of one or two of the above 
cognate systems was recorded in each of 20 dogs anesthetized with morphine and 
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Fig._2. Schematic diagram of apparatus and connections used for simultaneous perfusion 
of the cognate and collateral arteries. Blood entered reservoir/? through the right femoral 
artery {RFA) and stopcock SC2. When 20 to CO ml. of blood had been obtained the stopcock 
was closed and the air pressure above the blood (/?) raised and maintained at the desired 
level during subsequent perfusion by a sensitive pressure-regulating Bystem connected at 
PP. Blood for perfusion of the cutaneous artery (5,^1) flowed through orifice 0 and stop- 
cocks SCS and SCI and thence into the cannula inserted into the distal end of the left 
femoral artery (LFA) while clamp CS was compressed. The perfusion pressure was re- 
corded optically by manometer PPS, and the rate of flow through orifice 0 by differential 
manometer DM. Flow into the branches of the femoral arterj- (M) which supply the quad- 
riceps muscle was recorded simultaneously by a similar sj'stem connected as indicated by 
the arrow to a cannula inserted into the inferior epigastric arterj' (TEA), while the femoral 
artery was compressed by clamps C2 and CS. The collateral arteries were perfused through 
the connection with the right femoral artery {RFA) mentioned above while the aorta was 
compressed by clamp Cl. The pressure at which the collateral arteries -were perfused was 
recorded by manometer CPP. Central aortic pressure was recorded by manometer AP 
inserted by way of a carotid artery. Clamp Cl was placed in most experiments by means 
of a retroperitoneal approach after dissecting the inguinal ligament from the S 3 TOphysis 
pubis. In a few experiments a direct transpcritoneal approach was used. The orifices 
were calibrated at the beginning and end of each set of determinations bj' driving blood from 
the reservoir through resistance V and collecting and measuring the rate of flow while 
recording the deflection of the recording light beam of the differential manometer. By 
recording the pressure drop across the resistance with manometer PPS the viscositj' of 
the blood was simultaneoush’- recorded. The details of the flow-meter, manometers and 
optical system are described elsewhere (1, 2, 3). 


sodium barbital. The cognate and collateral arteries were always left in direct 
communication T^dth the aorta except when, they were being perfused. In each 
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experiment flow into the cognate artery was measured while it was being perfused 
with blood from a reservoir at each of a series of pressures from zero to above 
mean aortic pressure. Two flow measurements were made at each perfusion 
pressure: 7, while the collateral arteries were receiving blood directly from the 
aorta, and 2, wliile the collateral arteries were perfused from the reservoir at the 
same pressure as the cognate arteiy. Flow was recorded at each pressure for 5 
to 20 seconds and the entire series of measurements was completed in approxi- 
matelj’’ 20 minutes. The details of the perfusion apparatus, in a typical experi- 
ment are described in the legend to figure 2. In all experiments after completion 
of dissections and before starting perfusion, the animals were given approxi- 
mately 0.3 ml./kgm. of heparin solution"* initially, plus 0.1 ml./kgm./half-hour 
thereafter to prevent clotting. 

Results. A. Blood flow into the cognate arteries supplying the quadriceps muscle. 
1. Flow into the cognate arteries when the collateral arteries were supplied from the 
aorta. The results in all 10 experiments of this group were similar. Those from 
a t 3 TDical experiment are plotted as line CPA in figure 3. This plot shows that at 
the lowest perfusion pressure, 10 mm. Hg, blood flowed back up into the res- 
ervoir at a rate of 16 ml./min. (maximum backflow, IMBF). As the pressure 
in the reservoir was raised the backflow progressivelj’- decreased until at a pressure 
of 68 mm. Hg no flow occuiTed. This pressure we have designated the zero flow 
pressure, ZFP. At pressures above 68 mm. Hg infloV occurred, increasing 
progressively as the perfusion pressure was raised. 

Since the lowest perfusion pressure was greater than the pressure in the veins 
it is ob\dous that the baclcflow could not have come from the veins; it must, 
therefore, have come from the collateral vascular beds. The progressive decrease 
in the rate of backflow from the cognate arteiy as the perfusion pressure was 
raised from 10 to 68 mm. Hg was evidentl}'^ due, a, to a decreasing rate of flow 
from the collateral to the cognate arteries, and &, to an increasing rate of flow 
through the cognate bed. On this basis, the zero flow pressure would be that 
pressure at which the rate of floiv from the collateral arteries across the anasto- 
motic channels just equalled the rate at which the blood was flowing through the 
cognate bed. 

2. Flow into the cognate arteries when the collateral and cognate arteries were 
perfused at the same pressure. The results of this method of perfusion of the 
vascular bed of the quadriceps muscle were essentially similar in all experiments. 
The data from the same experiment as used for section 1 above are plotted as line 
CPR in figure 3. As this plot shows, from 8 to 25 mm. Hg no flow was recorded. 
Above this pressure inflow occurred, increasing progressive^’- as the perfusion 
pressure was raised. At perfusion pressures less than the animal’s m'ean arterial 
pressure the inflow was greater and at pressures above mean arterial pressure the 
inflow was less than when the collateral arteries were perfused dhectly from the 
aorta. As indicated by the intersection of the CPA and CPU lines the flow into 
the cognate arterj’- at a pressure equal to the animal’s mean arterial pressure was 

^ Liquaemin, containing 10 mgm. of heparin per milliliter. The solution was kindl 3 ^ sup- 
plied by Roche-Organon, Inc. 
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the same with the cohateral arteries perfused directly from the aorta as when 
tliey were perfused from fhe resen'oir at the same prossuiti ns the cognate arteo'. 



Fig. 3. Plots of the relationship of the perfusion pressure to the flow into the cognate 
arteries supplying the quadriceps muscle of the hind leg: CFA — solid line — relationship 
with the collateral arteries receiving blood directly from the aorta; CPF — dashed line — 
relationship with the collateral arteries receiving blood from the reservmir at the same 
pressure as the cognate artery'. Ordinate scale — difierence between perfusion pressure 
and peripheral venous pressure in millimeters of mercury'. .Abscissal scale — flow in milli- 
liters per minute ( — ) figures represent backflow. il/P — aortic mean pressure, ZFP — 
perfusion pressure at which neither inflow nor backflow occurred in the cognate artery 
when the collateral arteries were receiving blood directly from the aorta, MBF — maximum 
backflow, ECF — effective flow of blood through the cognate bed from the collateral bed 
w’hich would occur immediately' following occlusion of the cognate artery'. CC{52 ) — rate 
of inflow into the cognate artery at a perfusion pressure equal to mean aortic pressure when 
the pressure in the collateral arteries was dropped to 52 mm. Hg. 

Fig, 4. Plots similar to figure 3 for the tissues supplied by' the popliteal artery' — i.e., 
the portion of the femoral artery' distal to the saphenous branch (an instance of very large 
potential exchange of blood between the collateral and the cognate beds). Lettering same 
as figure 3. For explanation of CPA{S), CPA(D), CPF and CPF', see text. 

Fig, 5. Plots similar to figure 3 for the tissue supplied by the saphenous artery branch of 
the femoral artery — almost solely skin (an instance of very small potential exchange of 
blood between the cognate and collateral vascular beds). For lettering sec figure 3. 


In view of the above obseiwations, it appears to be a reasonable assumption 
that simultaneous perfusion of the cognate and collateral arteries at the same pres- 
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sure effectively prevents exchange of blood between the cognate and collateral 
beds. In other words, under this mode of perfusion the rate of inflow in the cognate 
arteries is a true measure of the rate of flow through the cognate led regardless of the 
perfusion pressure used. 

3. The magnitude of the exchange of blood aci'oss the ^anastomotic channels at 
different perfusion pressures when the collaieral arteries were perfused from the 
aorta. The magnitude and direction of the exchange of blood across the anasto- 
motic communications at an}* perfusion pressure applied to the cognate artery 
can be computed by subtracting the rate of flow on the CPA plot from that at 
the same pressure on the CPR plot. Thus, at a pressure 15 mm. Hg above mean 
aortic pressui’e blood flowed from cognate to collateral beds at the rate of 20 
ml./min., indicating an exchange of blood from the cognate to the collateral bed 
equal to approximately 40 per cent of the flow through the cognate bed at tliis 
pressure. Similarly, at a pressure of 15 mm. Hg below mean aortic pressure 
blood flowed from the collateral to the cognate bed at a rate of 6 ml./min., equal 
to approximate!}’" 20 per cent of the flow through the cognate bed at this perfu- 
sion pressure. 

B. Blood flow into the popliteal artery and into the saphenous artery. Blood 
flow into the popliteal arteiy was recorded in six expeiiments, and into the 
saphenous artery in ten experiments. In six of the latter the registration was 
made simultaneously nith measurement of flow into the arteries suppbdng the 
vascular bed of the quadriceps muscle as illustrated in figure 2. Figure 4 repro- 
duces typical results obtained from the vascular bed of the lower part of the hind 
leg supplied by the popliteal artery and figure 5 shows results from the vascular 
bed of the sldn supphed by the saphenous branch of the femoral artery. The 
following should be noted: 1. The zero flow pressure (ZFP) is higher in figure 4 
and lower in figure 5 than in figure 3. 2. In proportion to the inflow at mean 
aortic pressure the backflow is much greater in figure 4 and much less in figure 
5 than in figure 3. 3. The exchange of blood between the cognate and collateral 
beds when the cognate arteiy was perfused at a pressure 15 mm. Hg greater or 
less than aortic mean pressure, while the collateral arteries were receiving blood 
from the aorta, amounted to the astonishing figure of 300 per cent of the flow 
through the cognate bed in figure 4, and only 3 per cent in figure 5. 

In view of the liigh zero flow pressure (ZFP) and the high degree of exchange 
in figure 4, it is eiddent that the resistance to flow in the anastomotic channels 
must have been low in comparison mth that in the cognate bed. Conversely, 
in figure 5 the resistance to flow in the anastomotic channels must have been liigh 
relative to that in the cognate bed. In the experiment plotted in figure 4 the 
resistance to flow in the anastomotic channels was, in fact, so low that a pulsatile 
flow was transmitted across the anastomotic channels when the collateral arteries 
were connected irith the aorta. As a result, the zero flow pressure (ZFP), the 
inflow and the backflow all oscillated between maximum CPA (S) and minimum 
CPA (D) values wth each heart beat. 

C. The effective collateral circulation immediately following ’occlusion of an 
artery. The magnitude of the collateral blood supply available to a 'vascular 
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bed following ?iuklcn occlusion of i(.s artery is often experimentally c^stirnated by 
ligating the arter\-, cannulating the distal end and measuring the rate of back- 
flow. In figure 3 this backflow (MBI^ is Ifi ml./min., in figure 4 it is 1 7 ml./min., 
and in figure 5 it is 2.2 ml./min. 'J'he-se are respectively 40, 1070 and 9 per cent 
of the noi-mal flow through the cognate bed at mean aortic pre.=sure. 

The eflective collateral circulation is, however, that rate of flow of blood which 
actuall.y passes from the collateral })eds across- the anastomotic channels and 
through the cognate hed R-hcn the cognate artery i.s occludcfl. The magnitude of 
this effective crdlateral flow i.s given in the figure.s by the rate of flow on the CPR 
plot at the perfu.sion pressure corre.sponding to the zero flow pies,s!ire on the CPA 
plot. This is deduced from the facts, a, that the zero flow jmessure (ZFP) on 
the CPA plots in the various figures is the prc.s.surc in the peripheral portion of 
the cognate artery when an effective collateral flow is occurring, and h, that the 
CPR plot gives the actual rate of flow through the cognate bed at each level of 
pressure in the peripheral portion of the cognate artery. The effective collateral 
circulation in figure 3 is 14.3 ml./min., in figure 4 it is 1.2 ml./min., and in figure 
5 it is 2 ml./min. These flows are re.spectively 36, 85 and 9 per cent of the flow 
through the cognate bed at mean aortic pres.sure. In the hind extremii}' the 
least efifective collateral circulation uith respect to the nonnal flow is in the skin 
and the greatest in the muscles of the calf of the leg. The effective collateral 
circulation in the above experiments was respectiveh- 90, 7 and 90 per cent of 
the maximum backflow. Evidently, measurement of backflow alone is not an 
entirely satisfactory method of estimating the effective collateral circulation, 
e.speciallj’- in relationship to the normal flow. 

Peripheral ai-terial pressure (zero flow jjressure — ZFP — as used above) has 
frequently been used as an estimate of the relationship of the effective collateral 
circulation to the normal flow, without definite proof of its significance (4, 5). 
The correctness of this assumption is now demonstrated by the abo\-e observa- 
tions. Empirically, it appears from analysis of a number of experiments that a 
slightly better relationship is obtained by using the ratio of the peripheral arterial 
pressure minus 20 to the mean aortic pressure (G). 

D. Ejject-s of vasoconstriction upon the exchange of hlood between the cognate and 
coilatcral vascular beds. In general, increased vasomotor tone diminished both 
the blood flow through the cognate vascular bed at each perfusion pressure and 
the exchange of blood by way of the anastomotic channels. Tlie results, in 
terms of plots such as figures 3 to 5, arc to make the CPA and CPR lines more 
nearly superimposed and steeper. Evidentlj*, the anastomotic channels, as well 
as the arterioles of the cognate and collateral beds are supplied with muscle and 
are capable of undergoing vasoconstriction. A few exceptions were noted, how- 
ever, in which the cognate bed and the anastomotic channels reacted inde- 
pendently. 

E. Effect of changing aortic pressure upon flow into the cognate artery when the 
collateral arteries are perfused from the aorta. A common method of studjdng 
vasomotor reactions is to perfuse a vascular bed in situ with blood at a constant 
head of pressure. Tlie interpretation of the results in such an ex-periment is 
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predicated on the assumption that all the blood which enters the cognate artery 
passes through its vascular bed and that conversely no blood reaches the cognate 
vascular bed from any other source. Tliis condition is satisfied for most 
regions onl}* so long as the head of pi'essure in the perfusion sj'^stem is equal to 
the animal’s mean aortic pressure. The magnitude of the possible artifact 
caused by exchange of blood between the cognate and collateral vascular beds due 
to a change of aortic pressure could be appreciated lij’- inference from the dis- 
cussion in section C. However, direct evidence was obtained in another manner. 
In each experiment, in addition to recording the rate of inflow at a perfusion 
pressure equal to mean arterial pressure with the collateral arteries perfused 
from the aorta, we also recorded the inflow at this same perfusion pressure when 
the pressure in the collateral arteries was dropped to whatever level it would 
reach as a result of compressing the aorta without simultaneouslj'- perfusing it 
below the clamp. In the experiment in figure 3 the pressure in the collateral 
artery fell to 52 nmi. Hg follovdng compression of the aorta and as a result the 
flow into the cognate artery increased 40 per cent — from 40 to 57.5 ml./min., as 
indicated by the horizontal arrow pointing to CC(52). Such a drop of pressure 
in the collateral arteries might just as well have occurred as a result of a decline 
in aortic pressure in a simple perfusion experiment in wliich the collateral arteries 
were perfused from the aorta. In the absence of knowledge regarding the 
presence of and the magnitude of the exchange of blood across the anastomotic 
channels in such an experiment the increased inflow would have been interpreted 
as due to a lowering of the peripheral resistance in the cognate bed, as indicated 
by the horizontal arrows pointing, respective!}’', to CC(46) and to CC(53) in 
figures 4 and 5, the increases of flow into the cognate artery as a result of a decline 
of pressure in the collateral arteries were respectively 1900 per cent and 8 per 
cent of the flow thi’ough the cognate bed. Similar studies of the effect of ele- 
vating the pressure in the collateral arteries, thus simulating a rise of aortic 
pressure, while perfusing the cognate arteries at a constant pressure were not 
carried out. It is reasonable, however, to assume from the data presented in 
section C that the error would be similar in magnitude to that just described for 
a fall of aortic pressure. 

In some experiments reported a number of years ago, Erlanger, Gesell and 
Gasser (7) attempted to minimize the effects of this variable exchange of blood 
between the cognate collateral systems by perfusing the leg at pressures well 
above mean aortic pressure. However, data which we have obtained in these 
studies, but which we have omitted in order to simplify this presentation, indicate 
that the artifact due to changing aortic pressure may at high perfusion pressures 
be as large as or larger than at pressures. nearer mean aortic pressure. 

F. Possible technical errors. In the experiment plotted in figure 4 the dot dash 
line CPR’ gives the actual rates of flow into the cognate artery when the col- 
lateral arteries were simultaneously perfused from the reservoir. Two artifacts 
indicate that this line does not give the correct data on the flow through the 
cognate bed: 1, backflow ivas observed at the lowest perfusion pressures, and 2, 
at a perfusion pressure equal to mean aortic pressure the inflow was much 
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greater than v.'hen the collateral arteries were being supplied by the aorta. The 
fij-.st of these indicates that blood was .still able to enter the collateral circulation 
from the aorta at .some point above the clamp and thus pass across the anasto* 
motic channels to the cognate l>cd. The .second was apparently due to the in- 
ability of the reservoir system to drive enough blood into the collateral sy.stcms 
to maintain a piossiirc in their distal branches equal to the pressure in the 
distal branches of the cognate arteiy. A.s a result, in the jjresence of the low 
resi.stanee to flow in the anastomotic channels foiinrl in this e.vperiment a large 
amount of blood flowed from tiie cognate to the collateral beds, thus causing the 
measured flow into tlie cognate artery to be much larger than the flow through 
the cognate bed. The correct plot would liavc been approximately that in- 
dicated by the dashed line CPU. This illustration presents the most extreme 
example in our experiments. These artifacts in less severe form were, how- 
ever, seen in a number of experiments. The presence of either of these errors 
in experiments for stud 3 ’ing the relation of perfusion pressure to flow through the 
cognate bed requires either that the experiment be discarded or that extreme 
care be used in deducing the correct relationship. 

II. Effects of collateral circulatios ox vexoub oetfeow. A common 
practice in studjdng vasomotor reactions is to measure venous outflow when the 
vascular bed is j)orfused from the aorta. As long as there is onh' one vein drain- 
ing the entire bed, this method is entirch’- satisfactorv. However, if collateral 
venous paths are available, as indicated in figure J, venous outflow measurements 
may fail to indicate corroctlj' the flow through the cognate bed. This possibility 
was examined in tiie following set of experiments. 

Methods. In four dogs, anesthetized with morphine and sodium barbital, 
combwed arterial inflow and venous outflow measurements were made on the 
tissues supplied 1?}' the popliteal arterj'. In tlicse experiments, venous outflow 
was recorded from cannula COG VF inserted into the saphenous vein as shomi 
in figure 1, while the femoral vein, was clamped centrally to the branch bj’’ C3. 
The tip of the outflow tube was placed at a level at whicli blood would just not 
flow out when the vein was not clamped, that is, at a level corresponding with 
the •peripheral venous pressure. Mean arterial inflow was recorded with ap- 
paratus similar to that illustrated in figure 2. In these experiments blood flowed 
from the right femoral arter}’’ (RFA) through stopcock SC 2, orifice 0 and thence 
into a cannula inserted in the central stiunp of the saphenous branch of the left 
femoral arten' while the latter was clamped centrally’ to the cannula. Resenmir 
B was left in the circuit as a pressure equalization chamber in order to damp the 
pulsations and obtain mean flow, which is more accurate^ measured than 
pulsatile flow. 

Ecsulis. Simultaneous registration of the venous outflow and of the arterial 
inflow at mean aortic pressure was made at normal and at low aortic pressures 
produced b^v bleeding. These .studies revealed that the r^enous outflows varied 
anyn-here from 25 to 200 per cent of the arterial inflow. Since under this method 
of perfusion the arterial inflow may be expected to give a correct indication of 
the flow through the vascular bed such large discrepancies can be accounted for 
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only by assuming that an extremely small difference in pressure between the 
cognate and collateral veins can cause a very large exchange of blood across the 
venous anastomotic channels. 

III. Elimination of exchange of blood between cognate and collateral 
BEDS BY MEANS OF WIRE TOURNIQUETS. Because of the exteusive dissection re- 
quired by the method described in section I in order to perfuse the collateral 
circulation adequately, we attempted to isolate the vascular bed of the hind 
extremity mechanicall}’- by applying two wire ligatures at about the junction of 
the middle and lower thirds of the thigh so as to compress all structures except 
the femoral artery and vein and the saphenous and sciatic nerves. This is com- 
parable to compressing the anastomotic channels at the points shown by the 
arrows in figure 1. In order to check the adequacj’^ of this method both arterial 
inflow and venous outflow were simultaneous]}^ recorded in two experiments. 
When the ligatures were insufficiently tight the arterial and venous flows were 
equal at perfusion pressures equal to aortic mean pressure, but at pressures above 
mean aortic pressure arterial inflow was gi’eater than, and at pressures below 
mean aortic it was less than venous outflow. Furthermore, at very low-perfusion 
pressures, backflow was obtained from the artery at the same time that outflow 
was recorded from the veins. Evidently, incomplete ligation blocked venous 
collateral channels but did not complete!}’- block arterial anastomotic channels. 
^^ffien the ligatures were adequatel}’- tightened, however, arterial inflow and 
venous outflow became identical. It is apparent, therefore, that, when properly 
applied, the ligatures eliminate both venous and arterial collateral circulatory 
artifacts. 

suaniARY 

A cognate system is defined as a vascular bed, the blood flow characteristics of 
which are being studied, and its primary artery and vein. It includes only those 
arterioles, capillaries and veins which receive hlood from the cognate artery when 
the latter is receiving Ijlood from the aorta or from a reservoir at a pressure equal 
to aortic mean pressure while all collateral arteries are being supplied from the 
aorta. Collateral systems include all arteries, capillaries and veins which com- 
municate \vith the cognate system by pre- and/or post-capillary anastomotic 
channels. 

The magnitude of the exchange of blood across these anastomotic channels 
under various conditions was studied by measuring the flow of blood from a 
reseiwoir into the cognate artery at each of a series of pressures from zero to 
above mean aortic pressure, a, while the collateral arteries were recemng blood 
from the aorta, and b, while the collateral arteries were also being perfused from 
the reservoir at the same pressure as the collateral artery. 

In experiments, on the hind extremity of the dog, in which the collateral 
arteries were receiving blood from the aorta, and in which the resistance to flow 
in the ai-terial anastomotic channels was small in relation to that in the cognate 
, capillary bed it was observed that: a, flow into the cognate artery at a perfusion 
pressure 15 mm. Hg greater or less than the aortic mean pressure differed from 
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the flow fhroRgh the cognate })ccl by 40 to 300 per cent; and b, althougli the 
flow through the cognate bed was unchanged the flow into the cognate artery 
under a constant head of pro.ssuro provided by a reservoir increased 40 to 3900 
per cent as a result of fall in the pre.ssure in the collateral arteries .such as might 
be produced by a decline of aort ic prc.ssure. 

O'he effective collateral flow is definerl as the rate at which blood will flow from 
the collateral beds thi-ough the anastomotic channel.s and thence through the 
cognate i)ed immetliatcly after occlusion of the cognate artery. Measurement 
of the backflow from the distal end of tiic cognate artery provides a rough 
mea.sure of the effective collateral flow. A better c.stimate of the effoctivo col- 
lateral flow with re.spect to the normal flow through the cognate bed at mean 
aortic pre.ssurc is given by the ratio of the peripheral arterial pre.ssure in the 
cognate arteiw minus 20 to the mean aortic pressure. A still more accurate 
mea.sure of the effective collateral flow is obtained b}' recording the flow into the 
cognate artery while perfusing the cognate and collateral arterie.s at a prc.ssure 
equal to the peripheral arterial pre.ssure (above) and comparing this with the 
flow throUg}] the cognate bed at mean aortic pressure. In various portions of 
the hind e.Ntrcmity of the dog the effective collateral flow varied from 9 to 85 per 
cent of normal flow through the cognate bed. 

Studies of the relationship of perfusion pre.=5ure to flow through the cognate 
bed may be satisfactorily accomplished in most vascular regions by perfu-sing 
the collateral arteries at the same pressure as the cognate arterj^. However, 
technical errors are very likely to occvir whenever the flow into the collateral 
arteries is extremely large or the anastomotic communications are verj' prominent. 

In the presence of prominent venous anastomotic channels, outflow from the 
cognate vein may varj' from 25 to 200 per cent of the flow through the cog- 
nate bed. 

In flow studies in the distal pai't of extremities the exchange of blood across 
both venous and arterial anastomotic channels may be effectively prevented by 
application of wire ligatures which tightly compress all stmetures except the 
cognate arteiw and vein and the nerves. 
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the flow Ihrough the cognate bed by 40 to 300 per cent: and h, although the 
flow through the cognate })ed was unchanged the flow into tlie cognate artery 
under a constant head of pressure provided 1)3' a raservoir increased 40 to 1900 
per cent a« a result of fall in the pressure in the collateral arteries such as might 
he produced b}* a decline of aortic pressure. 

The effective collateral flow is defined a.s the rate at wliich Idood will flow from 
the collateral beds through the anastomotic channels and thence through the 
cognate bed imine<liatel3' after occlusion of the cognate arteiy. Measurement 
of the backflow from the distal end of the cognate artciy provides a rough 
measure of the effective collateral flow. A better estimate of the effective col- 
lateral flow with re.spoct to the normal flow through the cognate bed at mean 
aortic pre.ssure i.s given b}' the ratio of the peripheral arterial piussure in the 
cognate artery minus 20 to the mean aortic pressure. A still more accurate 
measure of the effective collateral flow* is obtained 1)%' recording the flow into the 
cognate arteiy w'iiile pcrfu.sing the cognate and collateral arteries at a pre.ssure 
equal to the peripheral arterial pressure (above) and comparing this with the 
flow through the cognate bed at mean aoi’tic pressure. In various portions of 
the hind extremitA' of the dog tire effective collateral flow varied from 9 to 85 per 
cent of normal flow through the cognate bed. 

Studies of the relationship of perfusion pressure to flow through the cognate 
bed ma}' be .sati.sfactonlr* accomplished in most vascular regions br' perfusing 
the collateral arteries at the same pressure as the cognate arteiw'. However, 
technical errors arc ver3' likeh' to occur wiiencver the flow* into the collateral 
arterie.? is extremel}' large or the anastomotic communications are ver}' prominent. 

In the presence of prominent venous anastomotic channels, outflow from the 
cognate vein ma3' vary from 25 to 200 per cent of the flow through the cog- 
nate bed. 

In flow studies in the distal part of extremities the exchange of blood across 
both venous and arterial anastomotic channels raaA* be effectiveh* prevented b}' 
application of wire ligatures which tighth* compress all structures except the 
cognate arteiy and vein and the nerves. 
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RED CELL VOLUME, PLASMA ALBUMIN AND GLOBULIN IN FATAL 
SUTIGICAL SHOCK DUE TO REPEATED HEMORRHAGE 

ROBERT ELMAN, CARL LISCHER axd HARRIET W. DAVEY 

From the Department of Surgery, Washington University Medical School and Barnes 
Hospital. Aided by a grant from (he Commoniccalih Fund 

In previous communications (1, 2, 3) in this Journal, the behavior of the red 
cell volume, plasma protein including the albumin and globulin fractions was 
studied after a single severe non-fatal hemorrhage. Mthough a fall in blood 
pressure did occur and sjmiptoms of surgical shock developed, compensation was 
adequate and no fatalities resulted. In order to studj’’ the effects of surgical 
shock ending fatally it was necessary to use a more severe tj'pe of hemorrhage. 
To do this, a standardized technic of repeated hemorrhage was adopted. The 
details have been described in a previous communication (4) in which the 
behavior of the blood pressure and the effect of various replacement fluids was 
described. In this communication changes of the red cell volume, serum al- 
bumin and globulin will be examined in detail with special reference to the 
influence of the length of the intervals between bleedings. 

Experimental procedures. Mongrel dogs were used varying in weight 
between 9 and 18 kgm. They were prepared for the experiment by withholding 
all food for 18 hours. Water but no food was given during the course of the 
expciiments. Each hemorrhage consisted of 10 cc. of whole blood per kilogram 
of body weight and was carried out by exposing the femoral artery, using local 
anesthesia when necessary, or by puncture of the artery without exposure thereof. 
No general anesthetic was used. Six groups of experiments were performed as 
follows; 


GROUP 

KuitBEE or EXPERiirorrs 

i>rrnRVAu ucx^xirN ulkedincs 

I 

20 

hours 

1 

II 

10 

2 

III 

10 

4 

IV 

10 

s 

V 

10 

12 

VI 

5 

24 


In groups I and II the animal was maintained in the same position during the 
entire procedure. In the other experiments it was placed in the cage between 
bleedings. In groups III, IV, V and VI bleedings were done l>y puncture of the 
femoral artery rather than exposure (hereof in order to avoid the possibility of 
infection. This technic jiroved quite satisfactory and only rarely did extra- 
vasation of blood occur. The blood removed was not replaced witii the exception 
of 10 of the experiments in group I in which the amount of blood removed was 
replaced with an equal volume of phy.sio}ogical .saline solution. In group VI 
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three of the animals were allowed to eat ad liljitnm, whereas two were allowed 
water only. 

Experimicntal findings. First in intere.st is the survival time in the various 
group.s of experiments. Second is the behavior of the red cell volume which, as 
indicated in a previous communication, gives us a measure of the degree of 
hemodilution. Third are the changc.s in the albumin and globulin fractions 
which mea.sure the comparative manner in which this diluting fluid replaces into 
the blood stream each of the.se two protein fraction.s. Data in regard to the 
blood ])re.ssure are not included in this communication although such observations 
were made. Hypotension occurred in all experiments, particularly Just before 
the fatal outcome; details are fle.scribed in a previou.s paper (4). 



Fig. 1. Note tlie progrc.ssive increase in the ability of the animal to withstand repeated 
hemorrhage as the interval increases between bleedings. With an interval of 24. hours note 
that the amount of blood v.'hich could be removed was nearly twice that normally present 
due obviouslj' to compensation (regeneration). 

Fig. 2. Note the pronounced hemodilution produced when the amount of blood removed 
was replaced 'with physiological sodium chloride solution. Note also that the drop in albu- 
min -ivas relatively less pronounced under these circumstances than in the experiments 
■u’ith no replacement. 

Survival iime. The .sundval time is presented in figure 1 in terms of the 
amount of blood wliich could be removed before death; this is plotted against the 
inten^al of time between bleedings. Inasmuch as the same amount of blood was 
removed at each bleeding, this manner of presentation actually represents 
survival time. It will be seen that tlie graph foims a straight line and indicates 
rather clearly that the sur\dval following repeated hemorrhage bears a direct 
relation.ship to the interval between bleedings. In other words, the compensa- 
toiy mechanisms of the body follo^\'ing repeated hemorrhage are much more 
effective in prolonging life the longer the time allowed for such compensation. 
Indeed, if 24 hours elapsed between each hemorrhage, as many as 17 bleedings 
occur without a fatality, i.e., nearly twice as much blood can be removed as is 
normally present. Although only 5 experiments were carried out in tlus group, 
it was of interest to note that the 3 animals which were fed ad libitum survived 
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this ordeal as well as those who were given only water by mouth. Loss of weight 
was quite pronounced in all of these 5 animals and the hematocrit dropped to 
tremendously low values. 

The effect of replacement. In group I half of the animals were treated by re- 
placing the amount of blood removed with an equal volume of physiological 
saline. It will be noted in text figure 2 that this replacement resulted in a 
progressively greater fall in the red cell volume as well as the albumin and 
globulin concentrations. However, the survival time was no different wth 
replacement than without replacement. These findings are to be compared 
with previous experiments in w^hich other solutions wnre used for replacement in 
a similar series of experiments. 

, Variations in cell volume^ albumin and globulin. In text figure 3 are repre- 
sented the variations in red cell volume, albumin and globulin concentrations in 



Pig. 3. Note the similarity in the data between the one and two hour hemorrhages. Note 
also that with the four hour hemorrhages the hemodilution was increased, indicating that 
time is necessary for the mobilization of interstitial fluids. Of special interest is the fact 
that the albumin fraction dropped much less than the globulin fraction in these latter 
experiments. 


bleeding experiments performed at intervals of 1, 2 and 4 hours. These findings 
give soihe indication of the spontaneous compensatory mechanisms regarding 
hemodilution and the return of albumin and globuhn in relationship to time. 
In general it wall be noted that there is very little difference betw'een the bleeding 
experiments at intervals of one hour and those of 2 hours. However, there is 
a striking difference in the experiments in w'hich the blood w’^as removed at in- 
tervals of 4 hours. In addition to the fact that this latter gi’oup survived a much 
larger amount of bleeding, the hemodilution after the second bleeding was much 
Diore pronounced and was progressive. Moreover, the albumin concentration 
was mamtained better than in the other experiments, at least for the first 4 
bleedings. After tins point, its concentration fell rather rapidl}’’ even though the 
degree of hemodilution w^as imchanged. This w^ould seem to indicate that 
albumin w^as added to the diluting fluid up to and including the fourth bleeding, 
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but thereafter its source probably Avas exhausfed. Tliis behavior of the albumin 
fraction is to be contrasted u'itli the behavior of the globulin fraction Avhich fell 
progressively after the second bleeding, thus indicating that its source was ex- 
hausted much earlier than in the case of albumin. 

Co.MME.XT. Study of the experimental findings described above shoAvs that 
the compensatory mechanism.s following repeated hemorrhage require time and 
that the beneficial effect of time is progrc.ssive. and directly proportional to the 
intcn’al betAveen hemorrhage.s. 'I'hore .seems to be little difTerence between one 
and two hours, but after this period the alnlity of the body to compen.satc for 
the effects of loss of idood is .significant. Indeed, when an interval of 24 hours 
clap.sc.s, compensation is .so good that a loss of nearly twice the normal blood 
volume can be sirstained without fatality. 

Further studj* of the pre.sent findings fumi.she.3 inferences in regard to the 
mechanism of this compensation. In the absence of any replacement of fluid 
it is apparent that a period longer than 2 hours is required for significant hemo- 
dilution, i.e., the mobilization of fluid.s require.s at Iea.st 2 hours before it become.s 
of .significance. This finding agrce.s rather well rath previous studies (2) on 
single hemorrhages, in which hemodilution wa-s shown to proceed rapidly for 
about G hours after hemorrhage, continuing much more slowl}* up to 72 hours. 
However, hemodilution in itself (i.e., with protein free fluid) is of little .significance 
in compensation, as illustrated 1 ) 3 ' the findings .shown in text figure 2, in which 
the survdval time was not altered even though pronounced hemodilution Avas 
induced 1 ) 3 ' replacement of ph 3 '.siological saline solution. 

Hemodilution, to be effectiA’^e in compemsating for the lo.ss of blood, must con- 
tain protein, in particular albumin, and stud}' of these tAA'o fractions shows that 
time is also necessar}' for its mobilization and entrance into the blood .stream. 
As shoAATi in text figure 3 bleedings at intcrA'als of 4 hours permit entrance of 
albumin for at least 4 bleedings in contrast to globulin Avhich apparently has no 
such rapidl}' available source. The.se considerations are important AA’hen con- 
sidering the phenomenon of surgical shock from hemorrhage based on a bio- 
chemical rather than a pliA'siological or phA'sical point of vieAv. Such an ap- 
proach suggests that the fatal outcome foIloA\ing liemorrhage is in realit}' due to 
an- acute h 3 'poalbuminemia, the albumin fraction being of greater significance 
than the globulin fraction because of the fact that the fonner contributes more 
to the colloidal osmotic pressure than the latter. 

The relativelv’ .slight fall in the red cell A'olume of the experiments in group 1 
in AA'hich there AA-as no replacement (upper curv'e in fig. 2) desen'es comment. 
Ordinaril}' a single severe hemorrhage is followed b}’ a gi'eat fall in hematocrit 
e\'en A\'hen death .supen'enes. It Avould seem that in the present experiments 
AA'ith repeated hemorrhage each hour this fall is inhibited. A possible explanation 
is the finding that under these circumstances the fall in blood pressure is rela- 
tiA'el}' .slight (except for the terminal fall) as described in a preAuous paper. 
Hemodilution as sIioaati by a fall in the hematocrit probably depends, according 
to Starling’s 1131)0^0318, upon a fall in capillary pressure, and if this does not 
occur because of a relatiA'el}' high .S3'stemic blood pres.sure, hemodilution ma}' 
be inhibited. 
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SUMMARY 

Fatal surgical shock followed repeated hemorrhage, each bleeding amounting 
to 10 cc. per kilogram of body u'eight. Fi^ien the interval between bleedings 
was one or two hours, but 30 to 40 cc. could be thus removed. 'V\0ien the interval 
was increased, relative survival was prolonged as shovTi by the fact that the 
amount Avhich could be removed before death increased in simple arithmetical 
progression. Study of red cell volume changes shows that at least 2 hours be- 
tween bleedings are required for significant hemodilution and that -when this 
interval is increased there is evidence of the addition of albumin to the diluting 
fluid, in contrast to globulin wliich was not restored in any of the experiments. 
Artificial hemodilution by replacing the blood ivith physiological saline did not 
prolong life. These findings are described in support of the idea that acute 
hypoalbuminemia is an important cause of failure to compensate for the loss 
of blood. 
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